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ABSTRACT: The flow phenomena in a mountainous area are often dominated by the situation where the
streams have steep slopes and potential to carry the high sediment concentration. After the initiation of the flow
with certain characteristic including sediment concentration within the flow, the flow would then erode and
deposit the sediment in the next reach of the stream. Such phenomena would take place until the equilibrium
state is met. The gradient of flow velocity, depth of flow, and sediment concentration are studied considering
the equation of mass and momentum conservation, followed by the establishment of a linear equation. The
improvement of the numerical solution persists in the form of the utilization of MS-Excel program as a
technique of solving a linear three system of equations which was found to be practical. Such a technique was
found to be effective to investigate the sensitivity analysis of the results due to some changes on various
dependent parameters including the slope parameter. The three systems of equation and the proposed numerical
solution technique offer further works associated with the hyper-concentrated flow through both numerical and
physical model.
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1. INTRODUCTION or debris flow. A slightly different from lahar flow,
hyper-concentrated flow is more dominated by the
There are various technical problems related to sediment with a more extensive portion of fine
alluvial rivers, including sediment transport, materials. The behavior of rainfall is a dominant
aggradation, and degradation. These problems factor affecting the initiation of the debris flow, not
depend on the physical properties of the sediment only the series of rainfall (working rainfall) within
particles and their interaction with water as its a 24 hours occurrence but also the rainfall those take
media of transportation. From geological place several days before, further called as
viewpoints, these sediment particles were formed antecedent rainfall [1,2,3]. The antecedent rainfall
by a relatively long process of rock weathering. The has been used to establish the warning criteria for
physical properties of the sediment particles in one the volcanic rivers in Mt. Merapi Area, Indonesia.

river might be different from another river. For
rivers originate from an active volcano, the
sediment ejected from the volcanic activity and the
corresponding processes will also affect the
properties. Generally, rivers originate from active
volcanos are having steep slopes and potential to
produce critical flow. Therefore, the entrainment of
the sediment into the flow will then also be very
potential to form the flow with a certain degree or
intensity of sediment concentration.

The sediment particle properties that may affect
the sediment transport mechanism include the
particle shape, concentration, mass density, and : : -
grain size distribution. The sediment transport Fig. 1  Lahar flow at Gendol River, Mt. Merapi

mechanism in the volcanic rivers often particular

where the sediment concentration within the flow is Debris flow that originates from the volcanic
very high, in such that the solid material is much rivers bring damage to the hydraulic structures at
higher than the liquid materials. Figure 1 shows an downstream rivers and frequently caused reduce in
illustration of flow in the Gendol River, Mt. Merapi the hydraulic capacity of the structures [4]. This
area, Indonesia. Such flow is often called lahar flow also may cause upstream flooding during high-
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intensity rainfall events. Significant damage to
buildings, critical infrastructures, and human life, as
caused by lahar has been reported by Stuart [5]. The
degree of the damage is controlled by properties of
the lahar, location of elements at risk, and
susceptibility of these elements to the lahar.

In such condition, the sediment transport takes
place neither through the bed load nor the
suspended load mechanism. Two approaches of
further analytical study have been utilized so far,
that are the Bagnold dispersive flow and the
Bingham plastic fluid [6]. The Bagnold approach
assumes that the sediment particles move in the
flow as a granular and non-cohesive material.
Further development of the Bagnold approach is
carried out based on the method of grain to grain
basis. In the other hand, Bingham approach assumes
that the flow behaves like a fluid (well-mixed
sediment and water) with a specific viscosity [7].

2. NUMERICAL MODELING OF HYPER-
CONCENTRATED FLOW

There are many descriptions to define the term
hyper-concentrated flow from the hydraulics
viewpoint. There are two types of debris flow,
namely the inertial debris flow and viscous debris
flow [8]. The inertial debris flow has very different
characters with the viscous debris flow. Hyper-
concentrated flow is a debris flow contains mainly
fine particles, could be the inertial or viscous debris
flow type, with small Reynold number Ilike
mudflow in the Orcher Plateau China or large
Reynold number like flood flow in the Yellow
River. In 2009, Nemec proposed the definition of
the hyper-concentrated flow that he considered
reasonable. Hyper-concentrated flow is a turbulent
subaerial flow that is excessively dense and hence
deposits sediment mainly or entirely in a non-
tractional manner [9]. The flow may be channelized
or not, and its deposit will be normal-graded and
non-stratified, except possibly at the top. Such
flows in terrestrial settings are often called turbulent
debris flows but are referred to as high-density
turbidity currents in subaqueous settings, because a
subaqueous turbulent sediment-gravity flow is a
turbidity current. Other definition said that the
hyper-concentrated flow is a flow containing the
fine particles [10]. The above description was
provided with the systematic classification on types

of hyper-concentrated flows as presented in Table 1.

The hyper-concentrated flow under this definition is
classified as mudflow, mud flood and debris flow,
each of them has its own features or characteristics.

42

Table 1 Classification of hyper-concentrated flow

[10].

Item Mudflow Mud flood Debris flow
The Ty " ey
look .

Features | e High o Turbulent e Dispersive,
viscosity e Non- low
and yield cohesive viscosity
stress particles e Large
¢ High e C as high clastic
concentrati as 40% particles
on (C) of . High e Non-
silts and velocity cohesive
clays e High
e 45% <C< velocity
55%
e Low
velocity
Effective | o Storage e Straight e Concrete
solution basins channels Sabo dams
e Deflection e Lined o Steel
walls canals, frames and
berm and debris
levee rakes
channels
e Drop
structures,
energy
dissipators

Debris and hyper-concentrated flows are among
the most destructive of all water-related disasters
[11]. Debris flows would be more potential to occur
when the heavy rainfall takes place; this is due to
the condition that the slope materials become
saturated with rainwater resulting in slope failures
and mass movement. The reported incidents of
catastrophic landslides and debris flow in Southern
Thailand Peninsula have increased significantly in
recent years owing to increased human settlement
and land-use changes in hilly areas [12]. There were
several experimental works on hyper-concentrated
flow those have been carried out to further
familiarize the behavior of the hyper-concentrated
flow [13,14].

In the present work, the hyper-concentrated
flow equation is developed based on the three-
equation model, and further consideration on the
determination of sediment entrainment coefficient
will be treated to meet the sensibility of the system
of the equation to cope with the physical processes
of erosion and deposition. Consider a flow in a
channel reach shown in Fig. 2; to give a better
classification of the equation, the ‘water deposition’
term is introduced.
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Fig. 2 Erosion and deposition in a channel reach

The mass flow of water-sediment mixture in a
channel reach can be expressed in the form of
conservation equation as follows.

d d d
—(,0,Uh)=p,—(UCh —((1-CUh 1
dx(pm ) psdx( )+pwdx(( Wh) (1)
where:

Pm = mass density of the fluid mixture

C = average sediment concentration in the flow
U = average velocity ever the cross section

h = average depth of flow

dx = distance of the channel reach

The standard of momentum
conservation is then utilized to establish the three
systems of equation (see the sketch in Fig. 3).

equation

Fig. 3

Sketch of conservation of momentum
equation

The related basic equations are described as follow:

W = p,ghdx (2
[ = pUids 3)
R =Y p,eh’ “)
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P =Y, pgh’ 5)
U=Y(U,+0,) (6)
h= Yo (h+h) (7
pm(U22h2_Ulzhl):Pl_P2+WSin6_f (@)
The derivation of the equation system of

momentum conservation of water-sediment mixture
into dx as shown in Eq. (8) can be written as
follows:

%(mezh) = —%g%(pmhz%

P,ghsin Odx — me*zdx ©)]
where:

g = acceleration due to gravity

6 = channel bed slope

U.= shear velocity near the bed

Eq. (1) can actually be split into two equations
of conservation, i.e., sediment flow conservation
and water flow conservation as shown in Egs. (10)
and (11), respectively.

Ps di(UCh) = pSC*VvES - pSC[’VS
X

or
i(UCh):V.(C*E,—Cb) (10)
dx s s
and
d 1-C.
—(1-C)Uh)= p,,| —— |CV,E, -
e L
1-C.
pw( C jVst
or
d 1-C.
—(a-cwh)=v, C.E,—-C 11
2 ((1-OUh) ( C. j( =G) o aD

where:
pw= mass density of water
ps= mass density of sediment

C.= sediment conservation in the bed
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Vs=fall velocity

E;= coefficient of sediment entrainment from
the bed

Cp= sediment concentration of debris flow near

the bed,
o = 1s a coefficient of maximum conservation
of sediment in the flow near the bed, = 2.

The first and second of the right-hand terms of
Eq. (10) are the erosion and deposition of sediment,
respectively (Portion 1 and 2 of Fig. 2), whereas the
first and second of the right-hand terms of Eq. (11)
are the erosion and deposition of water, respectively
(Portion 3 and 4 of Fig. 2). As it is found by Garcia
and Parker [15,16], the coefficient of sediment
entrainment Es must empirically be given, and in
the case of three-equation model of turbidity
currents, Garcia and Parker gave the empirical
relation for Es as shown in Eq. (12).

U. d 0.75
E, = 7[(\/@5 -p)ed );)

s

(12)

where:
d = representative diameter of the grain

v = kinematic viscosity

The shear velocity U= can be expressed as
follows:

P wU* ’

-2
ol D =a,(C-Cp)

(13)

where:

*

D = gradient velocity or
I Z %

a; = coefficient of ‘dispersive stress’, ranges from
0.1-0.2.

Substitute the value of U= from Eq. (13) to Eq.
(12) will yield the value of E; to

dD ap d 073
E=— " |25 f(p—p )ed=
AL [(”5 o) yj

pm
(14)

The value of E, in Eq. (14) is yet to be established
in the purpose of debris-flow modeling. For the
initial attempt, this paper will assume the value of
E; as a function of constant K, as shown in Eq. (15).
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E-—=X (15)
TG-G
where:
Y
K:d_D /alps[ (Ps—alszgdi] (16)
VS P Pw v

(Y is to be determined empirically).

Based on the assumption that the debris flow is a
good mixture of water-sediment, the mass density
of the debris flow can then be written as;

Pn=p,C+(1-C)p, (17)
Egs. (10) and (11) can be written as;
UC@+Uhd—C+Chd—U=VS(C*ES—Cb) (18)
dx dx dx
and
U(1—C)d—h—Uh£+h(1—c)d—U:
X dx dx
1-Cs
V[ c j(C*ES—Cb) (19)

It is apparent in Eq. (17) that the mass density of the
debris flow changes over the process or the
mechanism of the flow. In differential term, this
phenomenon can be written as;

d dc

E(pm) =(p, —pW)E

(20)
Further differential manipulation of Eq. (9) by
making use of Eq. (20) will form the following
equation;

Lo (U2 +gh)%h+(U2h+%gh2)(ps —pw)%+
2meh”;—U=pm (ghsino-U.?) 1)
X

System of Egs. (18), (19) and (21) is a three-
equation model for debris flow, which in matrix
form can be written as;
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ucC Uh Ch
U-C) —Uh h(1-C)

U+ gh) (U +§gh2)<ps —py) 2paUh
"

dx Vs (C*Es - Ch)

dC 1-C.

— | = V C*E,—C 22
dx ( C. J( mG) (22)
au pm(ghsinQ—U*2)
x|

The solution of Eq. (22) requires an initial value of
h, C, and U.

Normalization of flow depth (%), flow velocity (U),
reach (x), and settling velocity (V) in the system of
Eq. (22) over their corresponding initial value
would give the normalized values as follows;

h, = sand dh = by, dh,
initial
X
X, = sand dx = By dX,,
initial (23)
Un — ;and dU = Uinitial dU”

initial

V= Y, =V, 4,
initial

n

Normalization of Eq. (17) towards p., would make
the mass density of the mixture (p.,) become:

P,
Pom =2 =14(S-1)C
o 4(5-1)

w

and

dpﬂ:(s_l)d_c
dx, dx,

n

24)

where S is a specific mass density of sediment.

Normalization of U+’ would give:

2 un2 dU*z
4 Vsu 2 2
2 _ hn dZ* (25)
’ (c.-¢)
av. Y . .
where . is the square of the velocity
Z %
gradient.
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Base on the above normalization, the three-equation
model of hyper-concentrated flow can be written as;

U,C Uk, Ch,
U,(1-C) U, h h (1-C)
h h,’
Pumn ((]n2 +i) (Unzhn +l - )(S _1) 2pannhn
L F2 2 F2
[an, | T |
oy v, (CE, ~Cy)
1-C.
2 \=ln. ( ](C*ES -G 26)
dxn " *
dUn hn : 2
I dxn 1L Pumn (F 81n€_U*11 ) |
where:
F= Uim'tial (27)
8 Minitiar

The solution of Eq. (26) can be carried out
numerically either by utilization of the Euler
method or Runge-Kutta method. Besides, the
elimination technique by Microsoft Excel, need to
be introduced to obtain the value of flow depth 4,
concentration C, and velocity U and their variation
with the change of distance x, as shown on Egs. (28),
(29) and (30), respectively.

Pygisny = i +%(k1 +2ky +2k; +ky ) (28)
Ciny =C, +%"(k1 + 2k, + 2k +ky ) (29)
Upiioty =Upi + %"(k1 + 2y + 2y +ky ) (30)
where:

ki = f(hy»CU,;) (31)

Ax Ax Ax
kzzf(hm-+ 2” kl,Ci+7”k1,Um-+ 2” klj (32)

Ax, Ax Ax
ky = +_’1’h+ nk5q+_nks
3 f(xm 2 ni 2 2 2 2
Ax
Uni+ . kZJ (33)
2
k4 :f(hm' +Axnk3’ci +Axnk3’Um' +Axnk3) (34)

Remarks:

ki1 =f(hn, C;, Uy;) means that the solution of a system
of three-equation utilizes the corresponding value
of h,i, Ci, Uy, hence also the ks, k3, and kq.
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The Euler method is basically the first order of the
solution of the ordinary differential equation,
whereas the Runge-Kutta is the second order of the
solution. The Runge-Kutta method is supposed to
perform more accurate results. However, some
logical or physical behavior may justify the results.

3. RESULTS AND DISCUSSION

Like those have been carried out by previous
workers [17,18], at a given condition and channel
geometry, several flow parameters are investigated.
These include the variation of depth, concentration,
and velocity at a certain distance would meet
equilibrium state. The model is tested by applying
the initial value of Ay = 0.60 m; Ui = 0.4
m/sec; Ciiriar = 0.0; with the related constants of Cx
=0.75; d = 1.0 mm; p, = 2.65 t/m?; p,, = 1.00 t/m;
0 =20 g =9.81 m/sec?; and a = 2. The nature of
Egs. (15) and (18) require condition that K should
be less than C+/4. Applying the value of K = 0.08
dan dU+dz+= = 2.5 into Eq. (26) and solution of
differential equation of depth, concentration, and
velocity by Euler and Runge-Kutta methods as
shown in Fig. 4 and Fig. 5 for the slope 6 = 20° and
10° respectively.

> 100.0
2 ——— Depth (Runge Kutts) %
o @ «» Depth (Euler)
g === Concentration (Runge-Kutta)
. = == == Concentration (Euler)
§% 100 Velocity (Runge-Kutta) ﬁ
] ==== Velocity (Euler) = =
£g =
c £ |
Q = _
22 10
s -
© ~
£ e
% — ==k==F==b==to=te-
a 0.1 A==

0 10 20 30 40 50 60 70 80 90 100
Distance (Normalized)

Fig. 4 Normalized depth, concentration, and
velocity at slope 6= 20°.
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Fig. 5 Normalized depth, concentration, and
velocity at slope 8= 10°.

It can be seen from Fig. 4 and 5 that the analysis
results by the Runge-Kutta method are always

showing the higher increase of the depth,
concentration, and velocity rather than that of the
Euler method. At the steeper slope (6 = 20°), the
depth of flow increased by approximately 70 times
higher than the initial value, whereas at the lower
slope (0 = 10°), the depth of flow increased by
approximately 11 times higher than the initial value.
Fig. 4 and 5 also indicate that the flow is analyzed
until at the normalized distance of 100 times than
the reach of 0.1 m throughout the simulation. At this
condition, the concentration decreased until
approximately 0.29 and 0.23 times lower than the
initial value for the slope # = 20° and 6 =10°
respectively. In the other hand, the velocity
decreased until 0.11 and 0.19 times smaller than the
initial value for the slope # = 20° and 6 =10°
respectively. Further discussion is made in erm of
the mass balance over the entire reach under
studied. The magnitude of the mass balance is
basically the multiplication of the mass density of a
fluid mixture p,,, flow depth %, and flow velocity U
(see Fig. 6). The asymptotic trends of the mass
balance with two different slopes indicate the the
Euler method performed more logical trend rather
than the Runge-Kuta method.

1000 =

e Runge-Kutta, 6 = 20 degrees

8 = Runge Kutta, 8 = 10 degrees

c O = = = Euler, 6 = 20 degrees

'—‘: % 10.0 =-=== Euler, 8 = 10 degrees =

°E

g =

c O

sz

1.0

0.1

0O 10 20 30 40 50 60 70 80 90 100

Distance (Normalized)

Fig. 6 Normalized mass balance over the entire
reach at slope §=20° and = 10°.

It is seen from Fig. 6 that at a particular flow
condition, the normalized mass balance, i.e.
approximately 0.59 thru 0.60 for slope 6 = 20° and
0 = 10° respectively, take place at a normalized
distance of approximately 40. For further model
development, the application of the Euler method is
more advisable.

4. CONCLUSIONS

The concluding remarks are as follow;

a) The improvement of the solution technique of
Eq. (26) applying the MS-Excel is found to be
effective rather than that of applying the
ordinary matrix operation. Such effective term
means that the solution performs the more
stable, less time running, and more practical to
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examine the sensitivity of the result against
various parameters. Besides, the Euler method
tends to perform more logical results rather than
the Runge-Kutta method.

b) The value of K in Eq. (16) is obviously a
function of grain diameter d and the value of ¥
is equal to 0.75. The value of dU+/dz+is basically
the velocity gradient of the flow, it shows
whether the flow is in the acceleration or
deceleration  condition.  Unless  relevant
experimental work is conducted, the most
appropriate value of such velocity gradient
would not be able to be determined.

¢) Further studies should consider the utilization of
different channel geometry and sediment
properties (size, mass density, non-uniformity,
etc.), as well as various constants (sediment
entrainment function E;, coefficient of sediment
concentration near the bed a, and the gradient
velocity dUw/dz+). Verification of this model
through experimental works, either laboratory
or field investigations, are still the subject of
interest.

5. ACKNOWLEDGMENT

The authors express their profound gratitude’s
to the Multimodal Sediment Disaster Network
(MSD-Network) and the Indonesian Association of
Hydraulic Engineers (HATHI) branch office
Yogyakarta for the continuous collaboration
regarding the sediment-related disaster, and to the
librarian of the Yokota Library, Sabo Technical
Center of the Ministry of Public Works for the
opportunity given to the authors to access to the
library.

6. REFERENCES
[1] Yulinsa, N., Snake Line Analysis for Lahar
Flow Warning System (Case Study in Putih
River, Mount Merapi). Journal of the Civil
Engineering Forum, Vol. 1 No. 1, 2015, pp.
43-49.

DOI: https://doi.org/10.22146/jcef.22729.
Laksana, P.J., Rainfall Characteristic on the
Slopes of Mount Merapi Region (Empirical
Formula, Duration, Distribution, and Critical
Line Woro River). Journal of the Civil
Engineering Forum, Vol. 1 No. 2, 2015, pp.
43-50.

DOI: https://doi.org/10.22146/jcef.23985.
Purwanto, P., Zakaria, Z., Paripurno, E.T.,
Yoseph, B., Volcanic Eruption Products and
Its Slope Stability in Merapi Volcano,

(2]

(3]

47

Yogyakarta, International  Journal of
GEOMATE, Vol.15, Issue 51, 2018, pp.167-
172.

DOI: https://doi.org/10.21660/2018.51.95296.

Jaeger, R., Lucke, T., Investigating the

Relationship between Rainfall Intensity,

Catchment Vegetation and Debris Mobility.

International Journal of GEOMATE, Vol.12

Issue 33, 2017, pp. 22-29.

DOI:http://dx.doi.org/10.21660/2017.33.2543.

Mead, S.R., Magill, C., Lemiale, V., Thouret,

J.C., Prakash, M., Examining the Impact of

Lahars on Buildings Using Numerical

Modelling. National Hazards Earth System

Science, Vol. 17,2017, pp. 703-719.

DOI: http://doi:10.5194/nhess-17-703-2017.

Ashida, K and Egashira, S., The Dynamic

of a Soil Block on Slopes.

International Symposium on Erosion, Debris

flow and Disaster Prevention, Tsukuba, Japan,

3-5 September 1985.

Turana, O., Chakrabortya, N., Poolea, R.J.,

Laminar Natural Convection of Bingham

Fluids in A Square Enclosure with

Differentially Heated Side Walls. J. Non-

Newtonian Fluid Mech, Vol. 165, 2010, pp.

901-913.

Takahashi, T., Debris Flow: Mechanics,

Prediction and Countermeasures. Taylor &

Francis Group, London, UK, 2007.

Nemec, B., What is a hyper-concentrated

flow?. Lecture Abstract, Annual Meeting of

the International Association of

Sedimentologists, Alghero (Sardinia), 20-23

September 2009.

[10] Julien, P.Y. and Leon C.A.S., Hyper
concentrated Flow Classification, Rheology
and Structural Design. Unpublished Lecture
Note, 2010.

[11] Wrachien, D.D., Mambretti, S., Deangeli, C.,
Mechanical and Fluid-Dynamic Behavior of
Debris and Hyper-Concentrated Flows
Overview and Challenges. WIT Transactions
on Engineering Sciences, Vol 67, 2010.

DOI: https://doi:10.2495/DEB10001 1

[12] Iyaruk, A., Phien-wej, N. and Giao, P.H.,
Landslides and Debris Flows at Khao Phanom
Benja, Southern Thailand. International
Journal of GEOMATE, Vol.16, Issue 53, 2019,
pp. 127-134.

DOI: https://doi.org/10.21660/2019.53.98293

[13] O'Brien, J.S., Julien, P.Y., Laboratory

Behavior




International Journal of GEOMATE, Dec., 2019 Vol.17, Issue 64, pp. 41 - 48

Analysis of Mudflow Properties. Journal of
Hydraulic Engineering, Vol. 114, Issue 8,
1988, pp. 877-887.

[14] Rickenmann, D., Hyperconcentrated Flow and
Sediment Transport at Steep Slopes. Journal of
Hydraulic Engineering, Vol. 117, Issue 11,
1991, pp. 1419-1439.

[15] Parker, G., Conditions for the Ignition of
Catastrophically Erosive Turbidity Currents.
Marine Geology, Vol. 46, 1981, pp. 307-327.

[16] Garcia. M., and Parker, G., On the Numerical
Prediction of Turbidity Currents. Third
International Symposium on River
Sedimentation, the University of Mississippi,
31 March - 4 April 1986.

48

[17] Legono, D and Jain S.C., Debris Flow
Mechanism and its Modeling. International
Symposium on Erosion and Volcanic Debris
Flow Technology, Yogyakarta, Indonesia,
1989.

[18] Legono, D., Flow of Water with Hyper
Concentrated Sediment and Its Numerical

Hydraulics

Sustainable Water Management, Taylor and

Francis Group, London, 2005.

Solution. Environmental and

Copyright © Int. J. of GEOMATE. All rights reserved,
including the making of copies unless permission is
obtained from the copyright proprietors.




