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ABSTRACT 

Debris flow, which usually occurs after a landslide event, can damage human property along its trajectory, 

especially when the flow front moves at high speed. Coulomb resistance flow is considered the fastest type 

of flow due to the inclusion of the only internal friction component in the source term of the numerical 

model. Additionally, in the one-dimensional (1D) Coulomb-type numerical solution, an artificial bed-

wetting parameter is required to ensure model stability in dry areas. This study aimed to evaluate the 

performance of artificial bed-wetting parameters in terms of debris velocity and debris depth with various 

slope and friction angles in the 1D Coulomb-type debris flow numerical model. The analytical solution of 

the Coulomb resistance flow is used to quantify the accuracy of the numerical results obtained with 

different artificial bed-wetting parameters. Five cases of debris dam-break tests are investigated to 

evaluate the influence of artificial bed-wetting parameters on slope and internal friction angles through 

debris variables. The results show that debris depth and debris front velocity are more accurate with 

smaller values of the artificial bed-wetting parameter, larger slope angles, and smaller internal friction 

angles. Furthermore, an inverse relationship between slope angle and debris front velocity, and a reverse 

relationship between internal friction angle and debris front velocity, are identified as fundamental 

physical flow properties. 

Keywords-debris flow; Coulomb resistance; artificial bed-wetting; numerical model 

I. INTRODUCTION  

Due to gravitational force, rapid landslides or avalanches 
can trigger debris flows, which propagate along their paths and 
accumulate on flatbeds [1-6]. These debris flows, composed of 
materials such as rock, soil, wood, or snow, can cause 
significant damage to human infrastructure and pose a threat to 
human life [3, 5, 7]. Debris flows occur frequently in 
mountainous regions at very high speeds, making it difficult to 
collect real field data [1, 7]. Consequently, researchers focus on 
laboratory experiments [8, 9] and numerical simulations [2, 10-
12]. Compared to physical experiments, numerical simulations 
save time and costs and offer greater flexibility and scalability. 

The first numerical model of debris was introduced in [1], 
using the finite difference method to solve nonlinear shallow 
water equations that incorporate the Coulomb resistance in the 
source term. Later, in [13], an analytical solution was 
developed for Coulomb-type nonlinear shallow-water 
equations. Subsequently, in [14], this analytical solution of 
Coulomb friction was applied to test a high-resolution finite-
volume method in a 1D debris flow model. Several researchers 
have since used this Coulomb-type analytical solution to 
validate their finite-volume numerical debris flow models [12, 
15]. In numerical models of debris flow, the Coulomb-type 
friction law is often used for dry granular flows, such as 

rockfalls [1] and dense snow avalanches [13]. Depending on 
the solid-fluid mixture, the yield strength, Coulomb friction, or 
turbulent resistance are considered in the friction terms of the 
source term in the momentum equation [2]. 

The fundamental difference between the finite difference 
and finite-volume schemes lies in the treatment of physical 
variables. While the finite difference scheme directly uses 
variables such as depth (e.g., ℎ in meters) and particle velocity 
(e.g., � in m/s), the finite volume scheme solves for particle 
velocity using depth and unit discharge (e.g., ℎ�  in m

2
/s). 

Usually, in debris flow phenomena, the region filled with 
debris is the wet region, while the empty region is the dry 
region. To avoid division by zero errors in dry regions of the 
debris domain, a small depth value is introduced, known as the 
artificial bed-wetting parameter (�) [16]. Various researchers 
have employed this parameter in their finite-volume scheme, 
often specifying a value of 10

-6
 m or smaller [17-21]. However, 

many of these studies did not utilize only Coulomb-type 
friction as a source term in the governing equations. Even in 
the finite difference framework in [1], artificial viscosity was 
necessary to maintain numerical stability when calculating the 
particle velocity. To date, no study has systematically analyzed 
the accuracy of numerical results for different values of the 
artificial bed-wetting parameter. 
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This study examines the performance of artificial bed-
wetting parameters in numerical results in comparison to the 
analytical solution in [13], utilizing the same Coulomb-type 
resistance in a 1D nonlinear shallow-water debris flow model. 
The results include debris depth and particle velocity for 
various values of bottom slope angles and internal friction 
angles across different artificial bed-wetting parameters. This 
research also finds relationships between slope angles, friction 
angles, and particle velocity.  

II. MODEL DESCRIPTION 

This section introduces, the 1D debris flow numerical 
model including governing equations, Coulomb resistance, 
numerical method, and artificial bed-wetting parameter. 

A. Governing equations 

Figure 1 shows variables of debris flow on non-erodible 
beds after triggering landslides. 

 

 

Fig. 1.  Schematic of debris flow in terms of landslide generation. 

By integrating the Navier-Stokes equations in depth, the 
continuity and momentum equations of the nonlinear shallow 
water equations [12, 14] are expressed as follows: 
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where ℎ is the debris flow depth, � is the particle debris flow 
velocity in the �-direction, � is the time-dependence variable, � 

is the gravitational acceleration, ��  (� ��� � � � ��
�
 ) is the 

bottom slope source term, � is the bottom slope angle, � is the 

bottom of the non-erodible bed, and ��  is the resistance source 

term.  

B. Coulomb Resistance 

The resistance source term following the Coulomb-type 
friction law [1, 2, 14] is given as: 

�� � ��� � ��� �    (3) 

where �  is the internal friction angle of the debris material. 
Due to the existence of only one internal friction resistance 
term, Coulomb debris flow may move faster than other types of 
debris flows, which include more resistance terms, e.g., 
turbulence, viscosity, and yield stresses, in the resistance 
source term ��  [2-6]. 

To ensure a physically realistic debris flow, the right-hand 
side of (2) must be non-negative [13, 14]. This condition allows 
the debris flow to propagate from the wet region to the dry 
region in the initial dam-break problem, thereby triggering the 
flow condition as: 

�� � ��  0 or ��� � � ��� � ��� �  0 (4) 

This could lead to the application of slope angle ( � ) and 
internal friction angle (�) as shown in Figure 2. 

 

  

Fig. 2.  Application area of slope angle (�) and internal friction angle (�) 
in Coulomb-type friction law for physically realistic debris flow. 

The area to the right of the curve, indicated by the symbol 
(+) to the right of the black solid line in Figure 2, corresponds 
to physical flow, while the area to the left, indicated by the 
symbol (-), corresponds to unphysical flow if the Coulomb-
type friction law is applied. 

C. Numerical Μethod 

Equations (1) and (2) can be written in conservative form as 
follows: 

�!
�� � �"�!	

�
 � #�$	     (5) 

where: 

$ � % ℎ
ℎ�&, '�$	 � ( ℎ�

ℎ�� � �
� �ℎ�),  

#�$	 � * 0�ℎ+�, � ��-.    (6) 

where $  is the vector of conserved variables, $⟨�⟩ � ℎ,  
and $⟨�⟩ � 4 � ℎ� . '�$	  and #�$	 are the flux and source 
terms, respectively. Equation (5) is solved using the splitting 
method for time integration [16]. For spatial integration, the 
hybrid finite volume-finite difference method is applied [12]. 

A two-step splitting method is employed to calculate 
physical variables. The first step is as follows: 

$5678 � $59 � :�
:
 ;'5<�/� � '5>�/�?  (7) 

The physical variable is calculated in the first step as follows: 

�5678 � !@ABC
ℎ@ABC      (8) 

The second step is as follows: 
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$59<� � $5678 � D�#�$5678	     (9) 

The physical variable is calculated in the second step as 
follows: 

�59<� � !@EFG
ℎ@ABC      (10) 

where ℎ59<� � ℎ5678
 at the second step because of the non-

source term in the continuity equation. 

In numerical simulations, the CFL condition is used to 
ensure stability [12, 14, 19]. In the CFL condition, the Courant 
number (0 < CFL < 1) is chosen to compute the time step D� in 
the numerical model. The numerical model becomes unstable 
when the Courant number is large (CFL > 1) and stable when 
the Courant number is small enough (CFL ≈ 0). However, if 
the Courant number is too small, it may increase the number of 
iterations or even cause the model to fail. In this study, the time 
step is automatically computed after each iteration as follows: 

D� � H'I :

J6
�|�|,�LE	<M

   (11) 

where �  is the wave celerity and ��9  is the friction velocity. 

Following Coulomb resistance, the friction velocity is 
calculated as follows: 

��9 � N�ℎ ��� � ��� �   (12) 

D. Artificial Bed-Wetting Parameter 

In the first part, the numerical model requires an artificial 
bed-wetting parameter (�) in the initial condition, as follows:  

ℎ � O$⟨�⟩    PQ ℎ > ��       PQ ℎ ≤ �     (13) 

Then, the particle velocity � is calculated during the step of 
calculating physical variables as follows: 

� � T!⟨
⟩
ℎ

    PQ ℎ > �0      PQ ℎ ≤ �     (14) 

Therefore, the particle velocity is always positive in the 
moving part of the numerical domain and zero in the "quiet" 
part. 

III. ANALYTICAL SOLUTION FOR COULOMB-TYPE 

RESISTANCE DEBRIS FLOW 

The analytical solution in [13] is used to test the numerical 
method, as shown in Figure 3. 

 

 

Fig. 3.  Schematic of dam-break Coulomb-type debris flow [13]. 

The debris depth and velocity are calculated as follows: 

ℎ = ⎩⎨
⎧ ℎ�                   PQ � > �X           

%YZ<�M[>G
J�&

\] M,^ _     PQ �X ≥ � ≥ �`    0                     PQ � ≤ �`

  (15) 

� = a   b�                          PQ � > �X             �c %
� − �� + b�&   PQ �X ≥ � ≥ �` 0                              PQ � < �`
 (16) 

where �X = ��� + 0.5b�� , �` = −2��� + 0.5b�� , b (=−� �P� � + � ��� � ��� �)  is the accelerated source, �� (=N�ℎ ��� �) is the sound wave velocity, � is the bottom slope 

angle, and � is the internal friction angle of the material. The 
analytical solution is used to test the Coulomb-type debris flow 
numerical model in this study. 

IV. PERFORMANCE OF ARTIFICIAL BED-WETTING 

PARAMETER 

The numerical domain is set to appropriately simulate the 
dam-break flow based on the analytical solution. The domain 
in all simulations in this study has a length of 3000 m, with an 
initial debris depth of ℎ� = 1 m located on the left side over a 
half-length segment. No surface friction is considered, as 
described by the Coulomb-type friction law. In the numerical 
domain, the left and right boundaries are set with the continuity 
conditions. The Courant number (CFL = 0.5) is taken into 
account [20] and the computing time is set to 50 s [14]. The 
grid size of 5 m is chosen to prevent model instabilities and 
ensure convergence. The artificial bed-wetting parameters are 
chosen to be equal to or less than 0.1 m until the value that 
causes the instability of the model due to a large speed of flow. 

A. Water Dam-Break Test 

The first numerical experiment in this study is the 
fundamental water dam-break test, conducted on a flatbed (� = 
0°) with water as the material (� = 0°) [14, 22-24]. The results 
of the water dam-break test, including both the analytical 
solution and numerical simulation, are presented in Table I and 
Figures 4 and 5. 

TABLE I.  RESULTS OF WATER DAM-BREAK TEST WITH 
ARTIFICIAL BED-WETTING PARAMETERS.  

Case 
ua i uf 

jkl − kmjkm  RMSE  

(m/s) (m) (m/s) (%) for h (m) for u (m/s) 

1 6.2641 10-1 2.3209 63 1.2500 23.1868 

2 6.2641 10-2 3.6717 41 0.2240 16.8144 

3 6.2641 10-3 4.6446 26 0.0688 11.3945 

4 6.2641 10-4 5.2925 16 0.0355 7.5914 

5 6.2641 10-5 5.6436 10 0.0308 5.3974 

 
In Table I, �6  denotes the front velocity (the maximum 

velocity of the analytical solution), and � is the artificial bed-
wetting parameter. Additionally, ��  denotes the front velocity 

(or maximum speed) obtained from the numerical simulation, 
and RMSE refers to the Root Mean Square Error. RMSE is 
calculated to quantify the cumulative error of both debris depth 
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and debris velocity between the numerical results and the 
analytical solution [19]. Figures 4 and 5 illustrate the 
performance of artificial bed-wetting parameters based on the 
flow characteristics from Table I. 

 

(a) 

 

(b) 

 

Fig. 4.  Performance of artificial bed-wetting parameters in water dam-

break test: (a) water depth, (b) water velocity. (The black line represents the 

analytical solution; the green line corresponds to the case of � = 10-1 m, the 

magenta line corresponds to the case of � = 10-2 m, the cyan line corresponds 

to the case of � = 10-3 m, the blue line corresponds to the case of � = 10-4 m, 

the red line corresponds to the case of � = 10-5 m). 

Figure 4 shows the water depth (a) and water velocity (b) 
from both analytical solution and numerical results with 
various artificial bed-wetting parameters across the domain. In 
general, the inclusion of artificial bed-wetting parameters at the 
downstream side of the dam in the numerical domain causes 
the shock wave phenomenon, affecting the front surface and 
front velocity, as depicted in Figure 4 (a) and (b), respectively. 
The value of the artificial bed-wetting parameters influences 
the front surface size, with larger values (� = 10

-1
 m) resulting 

in a larger front surface, and smaller values ( �  = 10
-5

 m) 
resulting in a smaller front surface. In the analytical solution, 
the downstream region has no depth, and the results are smooth 
and consistent with the physical phenomenon. These findings 
indicate that the best results are obtained with �  = 10

-5
 m. 

However, using smaller values of � can lead to instabilities in 
the numerical model. 

Figure 5 shows the performance of the artificial bed-
wetting parameter in relation to the front velocity and RMSE of ℎ and �. Similar to the results in [16], the relationship between 
the artificial bed-wetting parameter and front velocity is shown 
in Figure 5(a). As � decreases, the front velocity increases. The 

best value of � = 10
-5

 m results in a front velocity �� = 5.6436 

m/s with a 10% difference from the analytical value �6  = 
6.2641 m/s. Figure 5(b) shows the errors in water depth and 
velocity profile between numerical results and the analytical 

solution for different relative artificial bed-wetting parameters. 
Αs the relative artificial bed-wetting parameter decreases, the 
RMSE values for both ℎ  and �  decrease. Additionally, the 
RMSE values for � are much larger than those for ℎ, ranging 
from about 20 to 200 times larger. 

 

(a) 

 

(b) 

 

Fig. 5.  Performance of artificial bed-wetting parameter in terms of front 

velocity and RMSE for h and u in water dam-break test: (a) Performance of 

artificial bed-wetting parameter to water-front velocity (dashed line: numerical 

results, solid line: analytical solution), (b) Performance of relative artificial 

bed-wetting parameter to RMSE (dashed line: RMSE value of h, dashed-dot 

line: RMSE value of u). 

B. Performance of Αrtificial Bed-Wetting Parameters with 
Slopes 

To ensure that the physical behavior is consistent with 
Coulomb friction, the slope angle of the domain must exceed 
the internal friction angle of the material, as described in [13] 
and illustrated in Figure 2. In this subsection, artificial bed-
wetting parameters are analyzed for slopes with angles of 2.5° 
and 5°, while assuming an internal friction angle of �  = 0° 
(water material). Figure 6 and Table II present the results for 
the 2.5° slope under varying artificial bed-wetting conditions. 
Similarly, Table III and Figure 7 detail the results for the 5° 
slope. 

In Table II, the front velocity values of the numerical model 
for the slope case of �  = 2.5° closely match those of the 

analytical solution, resulting in differences (
j�L>�Aj�A (%)) that 

are approximately half of those observed on a flatbed. 
However, the RMSE values for � in this case are larger, which 
can be attributed to differences in the shapes of the velocity 
profiles. Figure 6 illustrates the performance of artificial bed-
wetting parameters for a slope angle of � = 2.5°, focusing on 
water depth and velocity. The larger shock wave fronts induced 
by the slope angle (� = 2.5°) lead to instabilities in the water 
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depth, as shown in Figure 6(a). In this case, the effect of the 
source term, the right-hand side of (2) at the second step, 
generates a potential velocity component upstream of the dam, 
near the shock front, with values slightly lower than the front 
velocity [Figure 6(b)]. Additionally, due to the same source 
term effect, tail velocity values are observed on the right side of 
the shock front, corresponding to the artificial bed-wetting 
parameter ℎ = � (m). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 6.  Performance of artificial bed-wetting parameter in case of slope 

angle � = 2.5° on water dam-break test: (a) debris depth, (b) debris velocity, 

(c) Performance of artificial bed-wetting parameter to water-front velocity  

(dashed line: numerical results, solid line: analytical solution), 

 (d) Performance of relative artificial bed-wetting parameter to RMSE (dashed 

line: RMSE value of ℎ, dashed-dot line: RMSE value of �). 

 

TABLE II.  RESULTS OF WATER DAM-BREAK TEST OF 
SLOPE � = 2.5° WITH ARTIFICIAL BED-WETTING 

PARAMETER 

Case 

ua i uf 
jkl � kmjkm  RMSE 

(m/s) (m) (m/s) (%) for h (m) 
for u 

(m/s) 

1 27.6559 10-1 23.1882 16 1.2816 53.1390 

2 27.6559 10-2 24.4006 12 0.2311 45.2391 

3 27.6559 10-3 25.3372 8 0.0585 37.5078 

4 27.6559 10-4 26.0245 6 0.0229 31.9349 

 
Figure 6(c) shows larger values of front velocity compared 

to the flatbed with the same artificial bed-wetting values. 
However, these values seem closer to the analytical front 
velocity with a maximum difference of 16% compared to 63% 
of the flatbed. This is also more remarkable for the difference 
of RMSE values of � and ℎ with a maximum of 1400 times in 
Figure 6(d).  

Figure 6(c) shows that the front velocity values for the 
slope case are larger compared to the flatbed when using the 
same artificial bed-wetting values. However, these values are 
closer to the analytical front velocity, with a maximum 
difference of 16%, compared to 63% for the flatbed. When 
comparing the RMSE values of � and ℎ, as shown in Figure 
6(d), the maximum observed difference is as high as 1400 
times. 

These observations become even more pronounced when 
the slope angle � increases to 5°, compared to the results of the 
slope angle of 0° in Table I and the slope angle of 2.5° in Table 
II, as shown in Table III and Figure 7. 

TABLE III.  RESULTS OF WATER DAM-BREAK TEST OF � = 
5° WITH ARTIFICIAL BED-WETTING PARAMETER 

Case 
ua  uf 

jkl � kmjkm  RMSE 

(m/s) (m) (m/s) (%) for h (m) for u (m/s) 

1 49.0013 10-1 43.5242 11 1.5554 99.3538 

2 49.0013 10-2 45.2122 8 0.3830 74.3311 

3 49.0013 10-3 46.3415 5 0.1022 52.3121 

4 49.0013 10-4 47.1658 4 0.0523 37.2969 

 
In Table III, the front velocity values show a slight 

difference from the analytical solution, ranging from 4% to 
11%. Additionally, the RMSE values of �  and ℎ  exhibit 
significant differences, attributed to the increasing influence of 
the source term. 

The instability of the shock front is shown in Figure 7(a), 
while Figure 7(b) highlights the increase in both potential and 
tail velocities. In Figure 7(c), the front velocity values align 
more closely with the analytical solution, reaching a maximum 
value of 47.1658 m/s. With the absence of internal friction 
resistance in the source term ( � � 0° ), this presents the 
maximum debris velocity observed in this study. Additionally, 
Figure 7(d) demonstrates significant differences between the 
RMSE values of � and ℎ. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 7.  Performance of artificial bed-wetting parameters in case of slope 

angle � = 5° in water dam-break test: (a) debris depth, (b) debris velocity,  

(c) Performance of artificial bed-wetting parameter to water-front velocity 

(dashed line: numerical results, solid line: analytical solution), (d) 

Performance of relative artificial bed-wetting parameter to RMSE (dashed 

line: RMSE value of ℎ, dashed-dot line: RMSE value of �). 

By analyzing the performance of artificial bed-wetting 
parameters for slope angles � = 0°, 2.5°, and 5°, Figure 8 
illustrates the relationship between slope angle and front 
velocity under varying artificial bed-wetting conditions. This 
figure shows that the front velocities generally increase with 
higher slope angles, regardless of the value of �. Additionally, 
as � decreases, the front velocities increase and become closer 
to the analytical solutions. For each value of � , a linear 
regression is established, with the resulting lines running 
parallel to the analytical solution line. These linear regression 
equations are presented in Table IV. 

 
Fig. 8.  Performance of artificial bed-wetting parameter in the relationship 

between slope and front velocity in case of internal friction angle � � 0°. 

TABLE IV.  LINEAR REGRESSION EQUATIONS FOR ΤΗΕ 
RELATIONSHIP BETWEEN SLOPE AND FRONT VELOCITY 
WITH ΤΗΕ PERFORMANCE OF ARTIFICIAL BED-WETTING 

PARAMETER 

Case εh (m) a b R2 Linear equation (m/s) 

1 10-1 8.241 2.410 0.999 uf = 8.241θo +2.410 

2 10-2 8.308 3.658 1 uf = 8.308θo +3.658 

3 10-3 8.339 4.593 1 uf = 8.339θo +4.593 

4 10-4 8.375 5.224 1 uf = 8.375θo +5.224 

5 Αnalytical 8.547 6.272 1 uf = 8.547θo +6.272 

 

C. Performance of Artificial Bed-Wetting Parameters with 
Frictions 

To ensure the physical flow in the Coulomb-type numerical 
model, the slope angle of � =5° is kept constant, with internal 
friction angles of � = 2° and 4°. Table V - Figure 9, and Table 
VI - Figure 10, present the results of the debris dam-break test 
for � = 2° and 4°, respectively. As mentioned earlier, with the 
existence of the resistance source term (− ��� � ��� � ), the 
values of the front velocity decrease as the internal friction 
angle increases from 2° to 4°, compared to the case with an 
internal friction angle of 0°.  

TABLE V.  RESULTS OF DEBRIS DAM-BREAK TEST OF � = 2° WITH ARTIFICIAL BED-WETTING PARAMETER 

Case 
ua ε uf 

jkl � kmjkm  RMSE 

(m/s) (m) (m/s) (%) for h (m) for u (m/s) 

1 31.9377 10-1 27.4242 14 1.3343 68.1716 

2 31.9377 10-2 28.7126 10 0.2733 57.5336 

3 31.9377 10-3 29.6356 7 0.0753 47.0150 

4 31.9377 10-4 30.3730 5 0.0434 39.8456 

 
There are still shock fronts occurring in debris depth at 

Figure 9(a), which cause the RMSE value of ℎ  to reach a 
maximum value of 1.3343 m in Table V. The differences in 
front velocities from the analytical solution are relatively small 
(with a maximum value of 14%), while the differences in the 
velocity profile are relatively large (with a maximum value of 
68.1716), as shown in Figure 9(b, c, d).  

Compared to the case of � =2°, most values in the case of � = 4° are increased, except for the differences between front 
velocity and analytical solution, as shown in Table VI and 
Figure 10.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 9.  Performance of artificial bed-wetting parameters in case of friction 

angle � = 2° in water dam-break test: (a) debris depth, (b) debris velocity,  

(c) Performance of artificial bed-wetting parameter to water-front velocity 

(dashed line: numerical results, solid line: analytical solution),  

(d) Performance of relative artificial bed-wetting parameter to RMSE (dashed 

line: RMSE value of ℎ, dashed-dot line: RMSE value of �). 

TABLE VI.  RESULTS OF DEBRIS DAM-BREAK TEST OF � = 
4° WITH ARTIFICIAL BED-WETTING PARAMETERS 

Case 
ua ε uf 

jkl � kmjkm  RMSE 

(m/s) (m) (m/s) (%) for h (m) for u (m/s) 

1 14.833 10-1 10.9212 26 1.2658 21.8885 

2 14.833 10-2 12.1023 18 0.1977 18.3402 

3 14.833 10-3 13.0163 12 0.0698 15.2487 

4 14.833 10-4 13.6439 8 0.0518 12.9529 

5 14.833 10-5 13.8565 7 0.0433 11.2049 

 
 

Due to friction, the front velocity and RMSE values 
decrease, but the differences between numerical and analytical 
front velocity increase, with a maximum value of 26%. As a 
result, the shock fronts become stable in the debris depth 
[Figure 10(a)], and the potential as well as tail velocities do not 
show an advantage [Figure 10(b)]. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 10.  Performance of artificial bed-wetting parameters in case of friction 

angle � = 4° on debris dam-break test of � = 5°: (a) debris depth, (b) debris 

velocity, (c) Performance of artificial bed-wetting parameter to water-front 

velocity (dashed line: numerical results, solid line: analytical solution),  

(d) Performance of relative artificial bed-wetting parameter to RMSE (dashed 

line: RMSE value of ℎ, dashed-dot line: RMSE value of �). 

Figure 10(c) shows large differences between front 
velocities and the analytical solution, while Figure 10(d) shows 
small differences between the RMSE of � and ℎ. 
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Figure 11 shows the performance of friction on the values 
of front velocities with different artificial bed-wetting 
parameters. For each case of � , the front velocity values 
decrease as the internal friction angle increases. This behavior 
has physical significance due to the resistance effect in flow. 

 

 
Fig. 11.  Performance of artificial bed-wetting parameters in the relationship 

between friction and front velocity in case of slope angle �=5°. 

Similarly, the relationship between internal friction angles 
and front velocities is linear, and it can be expressed by the 
linear equations shown in Table VII. 

TABLE VII.  LINEAR REGRESSION EQUATIONS FOR THE 
RELATIONSHIP BETWEEN FRICTION AND FRONT 

VELOCITY WITH THE PERFORMANCE OF ARTIFICIAL 
BED-WETTING PARAMETERS 

Case ip (m) a b R2 Linear equation (m/s) 

1 10-1 -8.151 43.591 0.999 uf = -8.151φo +43.591 

2 10-2 -8.278 45.231 1 uf = -8.278φo +45.231 

3 10-3 -8.331 46.327 1 uf = -8.331φo +46.327 

4 10-4 -8.381 47.155 1 uf = -8.381φo +47.155 

5 Αnalytical -8.542 49.008 1 uf = -8.542φo +49.008 

 

D. Discussion 

Overall, the best value for the artificial bed-wetting 
parameter in this study is 10

-4
 m, except for the value of 10

-5
 m 

in cases of the minimum and maximum value of (�, �). These 
special cases are more stable than the others due to the balance 
between the positive slope term and the negative friction term 
in the source term, leading to slower movement of the debris 
near the initial dam [14]. These artificial bed-wetting 
parameters also result in small differences in front velocities 
between numerical and analytical solutions, which are less than 
or equal to 10 %, as shown in Tables I, II, III, V, and VI. If 
smaller values of these artificial bed-wetting parameters are 
used, the front velocities may increase sharply, causing very 
small time steps, which in turn may lead to numerical 
instabilities after a few iterations. In other debris models, 
smaller values of the artificial bed-wetting parameter are 
considered due to the application of the implicit method in 
calculating turbulent resistance.  

The difference in front velocity between the numerical and 
analytical solution decreases as the slope angle � increases and 
the internal friction angle � decreases, regardless of the values 
of the artificial bed-wetting parameters, as shown in Tables II, 
III, IV, and V. This is due to the dominance of the slope source 

term compared to the friction source term on the right-hand 
side of (2), which affects the updating of only the particle 
velocity variable in (9) and (10). However, this observation is 
obtained only for the font velocity or maximum speed. For the 
velocity profile, it can be quantified using the RMSE of �. 

Despite the smallest difference in front velocity, at 4 %, for 
the water case with � = 10

-4
 m and a slope of � = 5°, the RMSE 

of � is significantly large in this case, with a value of 37.2969 
m. This large RMSE arises from the accumulation of particle 
velocity in the differing front shapes, which results from the 
existence of debris depth in the source term, as mentioned 
earlier. In real application, the choice between focusing on the 
front velocity value or the particle velocity profile depends on 
the specific research purpose. 

V. CONCLUSIONS 

This study investigated the performance of artificial bed-
wetting parameters with physical variables on various slopes 
and frictions in a Coulomb-type 1D debris flow model. The 
governing equations of the 1D debris flow model, using debris 
depth and velocity as physical variables, were presented. The 
bottom slope and Coulomb resistance, incorporating only the 
internal friction term, were used as the source terms in this 
debris model. The slope angle and the internal friction angle 
ranges were defined to ensure the physical direction of debris 
flow. In the numerical solution, the artificial bed-wetting 
parameter is required to ensure numerical stability in the debris 
model when computing physical variables. The results for 
debris depth and front velocity were demonstrated through five 
dam-break debris tests with different values of the artificial 
bed-wetting parameter. These results were analyzed based on 
the performance of the artificial bed-wetting parameters with 
respect to slopes and frictions. For the case with the highest 
slope angle and the lowest internal friction angle, the front 
velocities of the numerical model and analytical solution are 
the closest. Consequently, an inverse relationship was 
established between slope angles and front velocities, while a 
reverse relationship was observed between internal friction 
angles and front velocities. These findings are physically 
reasonable in general and can be used to predict debris flow 
properties in field applications. Future work will consider other 
resistance relationships in the source term of the numerical 
debris model to more broadly model real landslide phenomena. 
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