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Detecting the debris flow frontal velocity by the mud droplets
Impinging on rigid surfaces

K.L. Huang, H.T. Chou

National Central University, Jhongli, Taiwan, China, profhtchou@gmail.com

Abstract. The surging front of the debris flow is fatal and may cause tremendous damage
for buildings. The splashed mud droplets on the damaged buildings provide useful
information to reconstruct the fontal velocity of the debris flow. This study examines the
spreading process that occurs and the splatter patterns that form when a mud droplet
impacts a solid surface at various angles and velocities. The impact velocities of the droplet
and the impact angles were between 2.16—7.10 m/s and 15°-90°, respectively. MATLAB
software, imaging software, and a high-speed camera were used to analyze the geometric
properties of the resulting splatter. When the droplet impacted the surface at a higher
impact angle, the lamella expanded in an almost circular fashion (W/L ~ 1), and the
spreading velocity decayed exponentially. By contrast, the aspect ratio decayed with time
at lower impact angles. The aspect ratio (W/L) of the elliptic fingerprint of the impact
droplet was close to the sine value of the impact angle, and the larger the impact angle, the
more splatter were observed. The Area spreading ratio of the impact droplet on the surface
is a function of Weber number and Reynolds number for different solid surfaces, and
roughly independent of the impact angle. The result of the present study could contribute
to understanding the impact condition of the debris-flow surges on structure surfaces.

Key words: mud droplets, debris flow, frontal velocity, splatters, impact angle

Cite this article: Huang K.L., Chou H.T. Detecting the debris flow frontal velocity by the mud droplets impinging
on rigid surfaces. In: Chernomorets S.S., Hu K., Viskhadzhieva K.S. (eds.) Debris Flows: Disasters, Risk, Forecast,
Protection. Proceedings of the 7th International Conference (Chengdu, China). Moscow: Geomarketing LLC, 2024,
p. 189-199.

Onpenenenue CKOPOCTH (PPOHTAIBHOM YACTH CEJIEBOT0 MOTOKA
10 KAIUISIM I'PA3HU, YIAPSOIIMMCH 0 TBEepAble IOBEPXHOCTH

K.JI. Xyan, X.T. Yoy

Hayuonanvnvui yenmpanonwiti ynueepcumem, Yowcynau, Taveans, Kumaii,
profhtchou@gmail.com

AnHotanusi. Hajgsuraromumiicss GpoHT celieBOro MOTOKa CMEPTEIbHO OMaceH M MOXKET
HAHECTH OTPOMHBIH ymiep0 3nanusiM. Kammu rps3u, pa3opeI3ruBaeMble Ha IIOBPEXKICHHBIE
3[IaHUs, TAFOT MOJIE3HYI0 MH(POPMAIHIO ISl olipeAesieHust ckopoctd UyHu GpoHTaIbHOM
yacTu censd. B JaHHOM HCCIEOBaHMM PACCMAaTPHUBAETCS MPOLECC PACHPOCTPAHEHUS
celeBOM BONHBI M OpBI3TH, oOpasymoomiecs NpH yAape Kameidb Tpsi3d O TBEPAYIO
MIOBEPXHOCTh TI0/1 Pa3HBIMHU YIJIAMU M C pa3HOM cKOpocThio. CKOPOCTh yAapa Karui H
yrael yaoapa cocraBmui 2,16-7,10 M/c m 15°-90°, cooTtBercTBeHHO. Jlnsi aHamm3a
TeOMETPUYECKUX CBOMCTB 00pa30BaBIIMXCsS OpbI3r ucnosib3oBasiuch maker MATLAB,
IIpOrpaMMHOE oOecreyeHre ISl CO3/IaHMsl M300paKeHNI N BHICOKOCKOPOCTHAS Kamepa.
Korna xaruis ynapsinach 0 MOBEpXHOCTD I10J] OOJIBIINM YITIOM, OHA paclIupsiIach MOYTH
no kpyry (W/L = 1), a ckopocTh pacnpoCTpaHEeHHs 3aTyxaja Mo dKcrnoHeHTe. HanpoTus,
IIpY MEHBIINX yIIaX TOAXOoJa K 3AaHMI0 COOTHOIIEHHE CTOPOH YMEHBINAIOCh CO
BpemeHeM. AcmiektHoe cooTHormenne (W/L) anmunTudeckoro oTmedaTka Kamid ObIIo
OJIN3KO K CHHYCY yrIila yjaapa, ¥ 4eM yrodl OoJibilie, TeM OoJbliie HabII0Jan0Ch OpBI3T.
Koadduunent pacrnpocTpaHeHHs yIapHOW KaIlIM IO TOBEPXHOCTH 3aBHCHUT OT YHCIa
BebGepa n uncna PeifHonmbpaca U1 pa3IUYHBIX TBEPABIX OBEPXHOCTEH 1 MPAKTUIECKU HE

189



Debris Flows: Disasters, Risk, Forecast, Protection
Proceedings of the 7t conference (China)

CereBble NOTOKW: kKaTacTPOdbl, PUCK, NPOrHO3, 3aLuuTa
Tpyab! 7-1 koHpepeHuum (Kutai)

3aBUCHT OT yTJIa yjaapa. Pe3ynpTaTsl HACTOSIIETO NCCIEIOBAHHUS MOTYT CIIOCOOCTBOBATh
NIOHUMAHMIO YCJIOBUH yliapa ceJIeBOM BOJIHBI O MOBEPXHOCTH KOHCTPYKLUH.

Knrouesvie cnosa: xannu 2pssu, cenesvlii NOMOK, (PPOHMANbHASL CKOPOCMb, OpbL32U, Y20l
naoenus

Ceplnka ps nuruposanusi: Xyas K.JI., Yoy X.T. Onpenenenne cKopocTH (pOHTAIBHON YacTH CEJIEBOTO MOTOKA
10 KAIULIM TPSI3H, YAAPSIONIMCS O TBepble MoBepXHOCTH. B ¢6.: CeneBble MOTOKM: KaTacTpodbl, pUCK, IPOTHO3,
3ammra. Tpyzael 7-i Mexnynaponnoit koHdepeniuu (Usuay, Kutaif). — OtB. pen. C.C. Uepnomopen, K. Xy,
K.C. Bucxamkuesa. — M.: OO0 «I'eomapkeTusry, 2024, c. 189-199.

Introduction

Due to its destructive velocity and thickness, the debris-flow front accompanying giant
boulders may be fatal for people and cause tremendous damage for buildings as shown in
Fig. 1a [Chou et al, 2023]. The mud splatters left on the damaged building ceiling (Fig. 1b)
depict the powerful surging front of the catastrophic debris flow in Nansalu Village, Kaoshiung
City of Taiwan during Typhoon Morakot (2009/08/09). Those mud splatters left on the ceiling
after the impact of droplets indicate that the inertial force dominates the spreading of the mud
droplets rather than the gravity force. The trajectories and patterns of the splashed droplets
provide useful information to reconstruct the fontal velocity of the debris flow.

......

a b

Fig. 1. The debris-flow front caused badly damage to a building in Nansula Village during Typhoon
Morakot on 08/09/2009 (picture taken on 06/06/2013): a — the debris-flow front with boulders caused
severe damage to the building during Typhoon Morakot (08/09/2009); b — the mud splatters remained on
the inside ceiling of the damaged building

The concept of droplets spreading on the dry surface is widely applied in industrial and
nonindustrial processes. The process of a droplet impacting on a dry surface exhibits several
flow patterns such as spreading, splashing, receding and rebound due to the surface and fluid
properties [Riboo et al, 2001]. Brochard and De Gennes [1984] observed the profile of
spreading polymer as a spherical cap with a projecting macroscopic “foot”. [Pasandideh-Fard
et al, 1996] used surfactants to investigate the capillary effect on the spreading lamella. Sikalo
et al. [2005] investigated the effect of the impact parameters on the time evolution of the
spreading factor and apex height of the spreading lamella on horizontal and inclined surfaces.
Wildeman et al. [2016] showed that with high velocity and free-slip condition, one-half of the
initial Kinetic energy can be transformed into surface energy in the spreading process,
independent of the impact parameters. Furthermore, Gordillo et al. [2019] derived an analytical
solution to predict the unsteady flow in the thin film which expands outwards. Garcia-Geijo et
al. [2021] derived a theoretical model to predict the time-evolving asymmetric shape of the thin
liquid film spreading on the substrate. For larger values of the inclination angle, the thin film
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has an elliptical shape during the spreading process. MacDonell [1971] related the impact angle
to the ratio of minor length to the major length with sine function. Harmanis and Thoroddsen
[1996] introduced the Impact Reynolds number, Re; =V (n?pD?%160)Y4/v*? to scale the
maximum spreading diameter and the number of fingers, where v is the kinematic viscosity, D
the droplet diameter, 6 the surface tension and p the fluid density.

Lee et al. [2005] developed a simple model to estimate impact velocity and droplet
diameter via bloodstain diameters and the number of spines around the rim of a bloodstain. The
model was compared to the experiment result under different surface roughness, impact inertia,
and droplet size. Kang and Ng [2006], Kang et I. [2011] studied the effect of impact angle on
splat morphology of spraying plasma and spreading behavior by analyzing the aspect ratio (V)
and the spread factor of elliptical-shaped splats. However, the spreading processes of the mud
droplets upon different surfaces are still not fully understood because of the complexity of their
multiphase characteristics. The geometric features in both the dynamic, earlier stage and the
final stage of the spreading process are explored in this study. The mud droplets are mixtures
of water, flour and poster paint. The effect of surface inclined angle, impact velocity, and
surface roughness are examined by experiments. Surfaces with different roughness and material
properties such as brick, mirror and Teflon are used.

Experimental setup

The experimental setup is shown in Fig. 2. The droplet is manually discharged from a
syringe and falls onto the substrate by gravity. The impact velocity V is determined by the
falling height and was calculated by the formula which Lighthill [1978] suggested:

H= %(mAll - ln(A% - VZ)) /A, (1)

where H is the falling distance, B = g(l - %) A, = 0.33%3/D, p is the density of droplet,

pa is the density of air. Here the Reynolds number, Re = p,VD/u,, and p, is the dynamic
viscosity of the air. Eq. (1) has been validified by Chen [2003] as shown in Fig. 3, and it is valid

when Re £2x10°,

In the experiment, the impinging and spreading process were observed from both top and
side view with a high-speed camera (IDT, XS-3 model, with the frame rates from 3352—
9954 fps, and resolution 10-20 pixels/mm). The initial time t =0 is defined as the drop first
contacted with the surface (time error is under 0.3 ms). The spreading process and final pattern
of the spatters were photographed vertically to the solid plane. At each drop height, the tests
repeat six times, to reduce the error (about 7%). The splatter images taken from the high-speed
camera were further analyzed by the Matlab built-in algorithm, “Sobel”, which can detect the
edge of each splatter and record their coordinates in every image. After the edge detection
process, the characteristic feature of the spreading drop/splatters (drop height, splatter width,
and length) can be calculated by simple discriminant loops written in Matlab language.

Table 1 shows the surface properties of two surfaces. The standard deviation (Stdev) of
surface roughness R, implies the high irregularity of the mirror and brisk surface, and the
equilibrium contact angle shows the wettability characteristic of the mirror and brisk surface.
The test fluids include decane and a mixture of water, poster paint, and flour as shown in
Table 2. Flour was chosen to be the suspended particles in the water since it can be distributed
more uniformly than clay or other soil materials. Moreover, the droplet impact sequences of the
clay-contained droplet are too blurred to be analyzed by the Matlab program. The surface
tension and viscosity of the test fluid were measured by the du Nouy Ring method and
rheometer (Anton Paar, MCR 51).
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high speed camera

syringe

high speed camera

Fig. 2. Experimental setup

8.0

halogen lamp
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® Experimental data
— V =,/2gH (Free Fall)
— -Eq. ()
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H (m)
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Fig. 3. The comparison between Eq. (1) and the experimental data from [Chen, 2003]

Table 1. Surface properties of impact surfaces

Ra(pm)/Stdev Receding contact angle, 6 Advancing contact angle, 0,
Mirror | 0.022/0.015 400 480
Brisk 25.8/8.03 340 440
Table 2. Liquid properties of tested fluid
Fluid p (kg/m®) o (dyne/cm) u (mPa-s) D (mm)
Mixture 1170 51.3 11.0 4.71+0.3
Decane 730 234 0.92 245+0.15
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Results and discussion
Morphology in the spreading process. Profile property of perpendicular impact droplet

Sikalo et al. [2002] showed how surface material, impact velocity, viscosity, surface
tension, and droplet size affect the time evolution of apex height and spread factor. The result
demonstrated surface property only affects the apex height in the recoil phase. The difference
between the advancing and receding static contact angle of the test surface change from 0° to
105°, while the range of surface roughness, Ra is between 0.003 to 3.6 © m. Fig. 4a shows the
side-view sequence when a droplet impacts the surface, and only deposition and splash were
found under the present experiment condition. In the present study, drop height h was also
normalized by droplet diameter D to h*=h/D, and time was normalized by (D/V) to t* = tV/D.
Fig. 4b shows that impact velocity and surface did not affect the apex height evolution
significantly, which gives the same result to Sikalos’ study. The equation of fitting curve on
mirror and brick is h*=-0.059+1.059exp(-1.23t*). The data is also compared with Roisman’s
[2009] approximation:

h*~1—t"att*<0.4, )

which expresses the drop deposit almost as a rigid body at the beginning of spreading, and,

" 0.39 *

~ m at 07 <t*<t Viscouss (3)
which ignores the near-wall boundary effect. The comparison shows the approximation fits
well with experiment data after t* =0.8.

0.05ms. 1.00ms JON o e e
05ms A A ]
F N\ =2 02 1

LR x I=3.03m/s,B ]

o + J=357Tm/s,B ]

0.16ms 1.22ms 08 N - PaTimlsD 1
- a  I=357Tmis, M

0.26ms 1.43ms 06 | - * IES1Smis M
C Regression 7]
L \ & ]
v P o— %N - ]
’ \ il =
[ Applicable rs N\ 2 B
0.37ms 1.64ms ZH St > B ----Eq 3 ]
L of Eq. 2 \ % 4
L R ]
L S ]
- -
N A

0.79ms

—_— il
Applicable range of Eq. 3

2.06ms 00 pinlrreatrrr b terrr it el

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
t

a b

Fig. 4. Sequence of photographs when the droplet impinging on the brisk surface (a). The evolution of
dimensionless apex height during droplet spreading on different surfaces (x, +, -: brick surface; o, :
mirror surface), and with different impact velocities. The experiment data is compared with predicted
equation suggested by Roisman et al. [2009]. Inset: Coordinate system of drop “hat” (b)

Because of the complicated interaction on the solid-liquid interface, a new analytical
method was suggested in the study. The film region was ignored and the “hat” part was focused
on. After the built-in edge detection function of Matlab, the contour coordinate was normalized
by the central height of the droplet and the width of the “hat” part, which can be expressed as

h"™ = h'/h=f(x) and b* = % = x as defined in the inset of Fig. 4b. The results were compared
with symmetric Beta distribution, which could be expressed as:
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x%(1-x)%
() = { — 0<x<1 @
0 elsewhere

The experiment data fit well with Beta distribution, but the low resolution of the flatten
hat makes contour data deviate from the function curve when t*>1. The parameter in Eq. (4)
increases almost linearly with the dimensionless time t* (Fig. 5), showing the validity of Beta
function in the velocity range of 2.41-5.15 m/s.

2.5
A
2 x|
X
1.5
S P 4
1 A
AKV=2.41m/s
A X
0.5 V=3.71 m/s
AV=5.15m/s
0
0 0.2 04 0.6 0.8 1

t*
Fig. 5. The variation of parameter a in Beta function (Eq. 4) with t* at different impact velocity
Effect of impact angle on top-view contours

The time evolution of the spreading droplet contours on the inclined mirror with the
impact velocity V =2.61m/s and different impact angles are shown in Fig. 6. During the
spreading process, the expanding lamellas were elongated and gradually approached an
elliptical shape. Ultimately, the liquid was accumulated by its own weight on the downside of
the lamella. If the surface tension couldn’t hold the accumulated liquid, it will flow down along
the surface. Fig. 6 also shows upward spreading only occurs in 6 =45°, 60°cases, and no
receding occurs in four different impact angle conditions.

lcm

(d)

Fig. 6. Time evolution of expanding lamella contours with different impact angles at the impact velocity
of V =2.61 m/s. The impact angles in (a) — (d) are 60°, 45°, 30°, 15°, respectively. The time intervals
of neighboring contours in figures (a) — (d) are 0.54, 0.50, 0.53, 0.77 ms, respectively
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In order to describe the contour evolution quantitatively, the major (L) and minor (W)
axis of the contours were measured to define the aspect ratio, I = 1/¥ = W/L as Fig. 7a shown.
Fig. 7b shows the effect of the impact angle on the aspect ratio of an expanding lamella. In
cases 6 = 45°, 60°, the lamella first expanded circularly (W/L~1) in the initial state of the
spreading process, then the aspect ratio decayed to a constant. In cases of lower impact angles
such as 6 = 15°, 30°, the aspect ratio decayed from the very beginning of the spreading
process. Ultimately, the aspect ratio of each splat approaches sinf of the impact angle at
different impact velocities.

(a) (b)u....l...‘“.‘......

1.0

+ 6=60"
* 8=45°
b3 8=30°
ry

08 615

W/L=sinl5°

1 ———  W/L=sin30"

1 — W/L=sind5"

A*AA b BEETTITETEITE W/L=s1n60"
A;MAL 7 8=15° R*=0.99

Alrddssana, 1 —— 6=30° R*=099
Adssa,
b 6=45°, R*=0.99

41 ——— 8=60°.R™=0.09

0.6

04

LI L L L L L L LB L B

ool v v v b e e e e
N "

e

10

Fig. 7. Transience of a droplet spreading on an inclined mirror surface (8 = 30°) (a). Time evolution of
aspect ratio of expanding lamellas at different impact angles (V = 2.61m/s) (b)

Morphology of splatters

Fig. 8 shows the example of splatters left on both brick and mirror surfaces after
impacting and spreading under different scenarios. Rough surface such as brick causes various
splatter forms at different velocities, while splatters on mirror surfaces are more regular than
that on brick. The sequence of the pictures as shown in Fig. 8k to Fig. 8o reveals the impact-
angle effect on the development of splatters. Fingers are more active in the upper part of
splatters than the lower part, and leakage occurs when the impact angle below
30° due to gravity effect.

The relationships between impact angles and number of fingers at different velocities are
shown in Fig. 9. The number of fingers tends to increase linearly with sin6, and the fitting
equation for impact velocities of 2.41 m/s, 5.15 m/s and 6.70 m/s are N¢= 24.5 sin6-7.5, Nr=41.0
sinB-9.4, and Nf=42.3 sinB-4.8, respectively.

The geometric properties of splatters with fingers were based on their fingertips and the
valleys, and the least-square method was applied to fit with an oval curve. The ultimate aspect
ratio I was thus defined as W, / L, where W, and L, are the minor and the major axis of the
oval curve. Figs. 10a—d show the oval curve fits well with the splatters of lower impact angles,
i.e., less the number of fingers. The splatter depicts an ellipse shape if all fingers were truncated.
Fig. 10e shows ultimate transverse spread factor will increase linearly with sin6, and the fitting
equations of V =2.61 m/s and 5.15 m/s are W/D=1.67+3.34sin6 and W, /D =1.32+2.02sin6,
respectively.

The dimensionless splatter area A*, i.e. the ultimate spatter area ratio with respect to the

latt . . . . .
droplet cross area (A* = %), is a function of droplet inertia, surface tension, surface

contact angle and liquid viscosity. A phenomenological model based on energy conservation
was proposed by Pasandideh-Fard et al. [1996] as follows:

2
Dsplatter” _ px 12+We

D2 - 3(1—c0s0,)+C(We/vRe)' ®)
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V=241m/s V=5.15m/s V'=6.7 m/s V=5.15m/s

Fig. 8. Splatters left on different surfaces under different impact conditions. (a)~(e) represent on brick
surface, V = 2.41 m/s, 6 = 75°, 60°, 45°, 30°, 15°. (f)~(j) represent on brick surface, V =5.15 m/s, 6 =
75°, 60°, 45°, 30°, 15°. (k)~(0) represent on brick surface, V = 6.70 m/s, 8 = 75°, 60°, 45°, 30°, 15°.
(p)~(s) represent on mirror surface, V = 5.15 m/s, 6 = 60°, 45°, 30°, 15°

N7 7T
- +
[ * J=241m/s,B ]
L x  J=515m/s,B 3
30F +  J=67m/s,B
| & V=515m/s,M
=20
10 -
0 [ 1 I
0.0 0.2

sin®

Fig. 9. The relationship between the impact angle and the number of fingers. Where %, x — are brick
surface; A — mirror surface
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(e)l”_lllI[IDIITIITITIIIIIIIIII_

P=261m/s, L A
1’=5.15m/s, W
'=26lm/s, L ]

I'=515m/s, W +

"R » 0O b

W,/D.L/D

) T T N N Y B A B
0.0 02 0.4 0.6 08 1.0

Simn6

Fig. 10. The morphologic parameters of splatters under different impact conditions: a— H = 278 cm,
0=45°b-H=150cm,0=30°c—-H=278cm, 0 =60° d—-H=29cm, 6 =15° e — ultimate transverse
spread factor of splatters on mirror surface as a function of the impact angle

In eq. (5), C is a constant representing the viscous dissipation and C= 4 was proposed in
Pasandideh-Fard’s et al. [1996] work.
By employing eq. (5) with the rheological properties and surface properties shown in

2

Tables 1 and 2 (We = %, Re = %), one can predict the dimensionless splatter area A* with
a constant C. The prediction with C = 2.7 in eq. (5) depicts better agreement with experimental
data A*,,,, than the prediction with C = 4.0. The effect of surface roughness on A* seems
negligible as shown in Fig. 11. Capillary effects tend to be negligible during droplet impact

when We > +Re.

25

20

Q_15
X ]
<op e
5 O Brisk, C=2.7-;

0 10 A* 20 30

Fig. 11. The variation of dimensionless splatter areas (A™) with Weber number (We) when droplets
vertically impact brick and mirror surfaces

Fig. 12 shows the influence of impact angle on the splatter area of a pure liquid(decane).
The influence of impact angle on dimensionless splatter area can be neglected for surfaces with
larger equilibrium contact angles (6,4), thus the splatter area is mainly determined by the impact
velocity corespondingly. However, the A* values of smaller impact angles are larger than those
of the normal impact cases (0 =90°) for surafces with lower contact angles. The
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corresponding mechanism for the conatct angles and liquid properties on the splatter spreading
at different impact angles deserves further analysis.

1.4
1.2
1}
=
*G\ 0.8 B
NS
*\' 0.6 Decane on glass We =86, 8., = 8°
0.4 Decane on glass We = 785, 8,, = 8°
) @ Deccane on Teflon We = 86, Beq =24.7°
0.2 | A Decane on Teflon We = 785, Boq =24.7°
0 1 1 1 1 1
0 15 30 45 60 75 20

0

Fig. 12. The variation of the splatter area normalized by the that of normal impact (4/Aqq-) with impact
angle (0) at different We and equilibrium contact angles

During the field investigation after the debris flow event, the dried splatter left on the
building surface with its remained averaged thickness hf and the final spreading diameter D, 4,
which is correlated to the dimensionless splatter area A* as follows:

hg/k

Dmax

3
—)3 =24, (6)

Dmax

2
T3

In eqg. (6), k denotes the solid volume concentration of the mud droplet prior to the
inpingement. By employing egs. (5) and (6) with the aspect ratio of the mud splatter remained
on the surface and the droplet trajectory analysis, one can estimate the impact point and the
corresponding debris-flow frontal velocity during its impingement on building surfaces.

Conclusion

The morphology of splatters and the spreading process were experimentally explored in
this study, and the contribution of surface inclined angle, impact velocity and surface roughness
to these features was investigated. In the initial state (t*<1) of the spreading process, the “hat”
part of the droplet profile is closely fitted by the Beta function for perpendicular impact cases.
When a droplet impacts an inclined surface, the lamella expands circularly in the initial state,
then the aspect ratio(W/L) decays for cases of 6 =45°, 60°; while the aspect ratio decays from
the beginning of the spreading process for cases of 6 =15°, 30°.The number of fingers and
ultimate transverse spread factor of splatters increased linearly with sinf. The aspect ratio for
the elliptic fingerprint of the impact droplet is close to the sine value of the impact angle. The
average length of fingers on the brick surface is larger than those on the mirror, and increasing
impact velocity may wider the range of finger length in the brick surface case. The length
distribution of fingers depicts a Maxwell-like distribution. The cohesion effect of the droplet
on the splatter morphology could be studied further by using the clay droplet or larger
concentrations of the added particles. The result of the present study could contribute to
understanding the impact condition of the debris-flow surges on structure surfaces. The impact
point and velocity of the debris flow on buildings could be estimated by the impact angles and
splatter areas.
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