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Abstract and handrail, etc.) by applying evaluation criteria to judge the

Recently, there have been numerous fatal accidents resulting fraisk of human falling due to overtopping waves.
overtopping waves on a breakwater. To secure safety in the

coastal area, it is necessary to prepare an accident prevention
by applying evaluation criteria to judge the risk of human fallin
due to overtopping waves. The objective of this study is t
provide supporting documentation for the breakwater entran
control plan to prevent the falling accident into the sea. T{&
achieve this goal, the hydraulic experiment was performed witjs
children and adults regarding the human stability again
overtopping flow on a breakwater. From the experiment resulta
analysis evaluation criteria to judge the risk of human falling due
to overtopping waves are proposed to prevent fatal accidents on a
breakwater. The results of the experiment were analyzed to ) ) .
propose human stability evaluation criteria for tiptoe lifingMOSt prévious studies were focused on human stability
limitin g state (Instability 1) and toppling limiting state (Instability 29@inst flowing water at times of flooding-IZ] or storm
2) on a breakwater. The conditions (water depth and rov[rlG]g and few stud'les have been conducted on human stability
velocity) for human stability failure by overtopping flow were @gainst overtopping wave on a breakwater. In a study

evaluated as lower than those in the general steady flow. Tg@nducted in Japaji7], the concepts related to overtopping
evaluati criteria for human stability on a breakwater with Wave and the risk to a human was defined, and an experimer

respect to Instability 1 and Instability 2 were proposed. was performed to evaluate human stability. However, the
stability evaluation experiment was performed considering

general water flow by assuming overtoppflow as a steady
flow. Bae et al. [18] conducted an experimental study on the
evaluation of human stability against overtopping flow on a
breakwater. In this experiment, features of human fall causec
by overtopping flow on a breakwater model were
invegigated with three adult males. In addition, theoretical
thludies [68,13,14,17] have been conducted to establish a

Figure 1. Overtopping Wave on arBakwater

Keywords: Human stability Overtopping waveFalling accident,
BreakwaterLoss of life Abnormal ocean wave

Introduction

A breakwater, whichis a representative waterfront facility
enabling visitors of a coastal area to approach as close as poss
to the sea, is a facility that has the purpose of creating a ca
water zone by breaking the sea waves. Therefore, breakwaters
built at locatims where the water wave conditions are severe ig;o4
comparison with those of other port facilities. In recent years,,,
climate change has increased the generation of unexpected
abnormal ocean waves. As such, a breakwater should be
considered as a waterfrosppace that may be most easily exposecgiﬁerert from thegeneral steady flow.

to the risk of overtopping waves causgd by a swell, as shown 4}, objective of this study is to provide supporting
F'g'll' Rfecen;ly, a number of fatal agmdeknts have occurred asydc mentation for the breakwater entrance control plan to
result of such overtopping waven a breakwatdd]. To secure .o\ ent the falling accident into the sea. To achieve this goal

coastal safety, it is nessary to prepare an accident preventiory, hydraulic experiment was performed with dréh and
plan (reducing overtopping water through installation of parapet

Gdel for evaluating human stability in a water flow.
%Thetically, the existing researches almost conductec
Alfman stability evaluation undeyeneral water flow as a
dy flow. However, in this study, the human stability
luation through experiment study was performed
sidering the overtoppirgverflow properties (drop of
vertopping water, effect by impulse force, etc.) clearly
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adults regarding the human stability against overtopping flow offo appropriately determine the physical body conditions of

a breakwater.

From the experiment resultant analysis, ththe human stability experiment subjects (human and dummy

evaluation criteria to judge the risk of human falling due tosubjects), Korean standard physical body modekre
overtopping waves are proposed to prevent fatal accidents onpeepared as shown in Fgon the basis of the body size data

breakwater.

Failure Mechanism and Human Model

The mechanism that causes the loss of human stability in a wat
flow can be divided into a slipping type fall by a friction limiting
state shown in Fig.2(a) and a tumbling type fall by a momen

limiting stae shown in Kj.2(b). The equations (E2}:3) are used

to evaluate the slipping type fall and tumbling type fall. The Eq. ]

is a slipping type fall by arittion limiting state, and Ef.is a
tumbling type fall by a moment limiting state.

Friction/
Slippmg type

Moment/
Tumblmg type

&\l.,
w7z

=4
. 4

(a) Slipping type fall (b) Tumbling type fall

Figure 2: UnstableFalling Behavior of aHuman due to thElow

<
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Figure 3: Concept oHuman $ability Evaluation (F.B.D)

F 2 m, (1)
Fhe 2 Wil (@)

—c Y pv2 3
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whee,F: dr a gs sfat@ frictien,coefficient,

W, : underwater weight, & distance from floor surface to drag
force, k: distance from heel to center of weightp: Cdrag
coefficient, w: unit weight of water, g: acceleration of gravity,
Ao projectedarea, V: flow velocity
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for each age and sex group measured by SizeKorea [19].

ofe,

~ -

,,,,,,,,,,,,,,,,,, .
(b) Idealized condition

(a) Real condition

Figure 4. StandardHuman Model toEvaluateHuman
Stability in Korea

Experimental Study

A. Subjects/Experimentatonditions

Six persons we selected as the adult male subjects (for a
standard body, obese body, and thin body). With respect tc
children (of the age groups ofyears, 67 years, and-90
yeas), three dummies shown in Fgwere selected as the
subjects. TABLE.1 shows the ptsjcal body sizes of the
human and dummy subjects. The height (H) and the weight
(M) are shown along with the statistical standards of each
age. The dummies for children were filled with sand to adjust
the weight. Children were defined as those age 12weerlo
(H-M of 68 m-kgf or lower). The product of H and M (H-M
value) was in the range of 14 to 49 m-kgf for children and
117 to 159 m-kgf for adults.

(ac1
Figure 5: Mannequin 8bject forChild

(b) C2 (c)C3

TABLE.1 shows the physical body s&zef the human and

dummy subjects. The height (H) and the weight (M) are
shown along with the statistical standards of each age. The
dummies for children were filled with sand to adjust the
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weight. Children were defined as those age 12 or lower (H-M dflothing inorporated the shoes haviniget bottom surface
68 m-kgf or lower). The product of H and M (H-M value) was in shown in Fig7(c).
the range of 14 to 49 m-kgf for children and 117 to 159 m-kgf foHuman stability against water flow is dependent on the

direction of standing with respect to the flow and the gap
between the two feet. In this study, the experiment was
performed when botthe human and dummy subjects were
standing upright in the face of the overtopping wave. The gap
between two feet was set to be about 0.30 m, at which the
subject felt most comfortable. When the overtopping flow is
flowed in, the subjects did their best rotresist the water
flow as much as possible (defenseless state condition)
Failure mechanisms were divided into toe clearance betweel

the tiptoe and the surface, high toe clearance,
friction/slipping, and moment/tumbling.

adults.
Table 1. Body Size of Subjects (Unit: kgf, m)

Parameters Mannequin Subject (Child)

C1 Cc2 C3
Age 2~3 6~7 9~10
Height(H 0.930 1.200 1.370
Standard Height |0.952 1.188 1.356
WeightM) 15 23 36
Standard Weight|15 23 34
Difference from
Standard Weight|0.0% 0.0% 5.9%
H-M 14 28 49
StandarcH-M 14 27 46
Parameters Real Person Subject (Adult)

Al A2 A3
Age 24 34 28
Height(H) 1.720 1.710 1.680
Standard Height |1.730 1.713 1.708
WeighiM) 68 70 72
Standard Weight|69 72 67
Difference from
Standard Weight|-1.5% -2.8% 7.5%
H-M 117 120 121
StandarcdH-M 119 123 114

A4 A5 A6
Age 26 27 26
Height(H) 1.830 1.800 1.770
Standard Height |1.726 1.720 1.726
Weight(M) 71 75 90
Standard Weight|71 71 71
Difference from
Standard Weight|0.0% 5.6% 26.8%
H-M 130 135 159
StandardH-M 123 122 123

S5
! A 07 o

(a) Jean

T v

(b) Waterproof clthing

Figure 6: Trouser

The dummies were dressed in cotton pants and simple sneakers in
all the experiments, as shown in FHg.The adult subjects were
dressed with several types of bottoms and shoes, considering the
variety of drag and friction. The bottoms included two types,
which were the jeans shown in Fi¢p) and the waterprboubber
clothing shown in Figh(b). The shoes included two types which
were the general sneakers havihg bottom surface shown in
Fig.7(a) and the quality sneakers having the excellent slip
resistait bottom surface shown in Figb). The waterproof rubber
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A propeller flow rate (Fig.10, TABLR) that allows for
measuring a flow ratap to 13.8 m/s and has an accuracy of
* 2% was used to measure the flow rate at the test sector. Th
values of flow velocity applied to analysis were timgerage
values by the hydrometer. The water depth was measured b
reading the grid gradation by redarg a video of the cross
section of the flume, as shown in Fig.11.

(c) Waterproof clothing

Figure 7: Bottom Surface oFootwear

B. Experimental setup

The flume used in the human stability experiment was a two
dimensional, largscale wavecurrenttide with a size of 2 (W)x3
(D)x100 (L) n¥. The breakwater was a vertical face breakwater

with a size of 2x1.8x3.2 InThe water depth was fixed at 1.7 m Figure 10: Hydrometer
so that the initial crest height could be 0.1 m. The height of the
breakwater could be varied/l®.1 m each time up to 0.6 m by Table 2: Specification oHydrometer

using 0.1 mhick plates (Fig8). The cement surface shown in
Fig. 9(a) was applied to the test sector bottom to simulate ——
generalconcrete surface, and a wood surface shown in Fig.9(§""tegory Specification

was applied to simulate a slippenyrface. The water temperature |Measurement function Present, Maximum, Average

was 15.9to 17.2 during the experiment. Unit Knots, mph, km/h, m/s, fps
= T g g 5o Min. sensitivity d impeller ]0.1m/s, 0.3 km/h (Water)
[ T |
? P“ L 7 T <= Max. velocity 13.8 m/s, 50 km/h (Water)
Resolution 0.1 cm/s; 3)
Accuracy +2%
Usual temperature -20~70

Wave Height (H), Wave Period (T)

y /\/ 0.1 m

Y

1.7m A Figure 11: Measuring théepth ofWater
Fig.12 shows the motion of the actual flow of the
| N overtoppingwaves over time when the height of the wave
22m was 0.68 m, the wave period was 3.0 sec, and the crest heigl
Figure 8: BreakwateModel of the breakwater was 0.1 m. The motion of the overtopping

waves is divided into two states including the green wave
stage until the time at which éhovertopping wave touches
the breakwaterrown surface, as shown in Figg(a) to (c),
and the overtopping flow stage from the time at which the
overtopping wave falls on the crown surface and then flows
to the inner side of thbreakwater, as shown ingBil2(d) to

(f). The test sector belongs to the overtopping flow stage. The
range of D-V, which is the product of the water depth (D)
and the current velocity (V) and a key parameter of the

(a) Cement (b) Wood human stability evaluation, was 0.08 to 1.03sn
Details of theexperimental procedure used in this study are
Figure 9: Top SurfaceCondition of theTestSector as in the following.
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Set harmonic waves according to the wave period througsituation covered by an attachment such as water plant coul
wave generator. (Wave period: 3.0~10.0 sec, Height of thiee separately considered as 0.6 and 0.4.

wave: 0.49~1.00 m) Since the subjects for this experiment wore jeans, the drag
Place the human and dummy subjects on a breakwater andefficients of 0.6~1.0 could be used. Also, since they wore
fasten the safety belts. general sneakers identically, the friction coefficient of
Generate the previously set harmoniaves accordingto 0. 4~0. 9 coul d be applied. T
the wave period. from the heel ws set as the representative point for the
The human and dummy subjects stand upright withouposition of gravity center referring to the research of Park et
resistance (defenseless state). al. [20]. In addition, all subjects took part in the experiment
Repeat increase of the height of the wave until occurrendacing forward in the direction flowing out. Since the friction
of their falls by slipping or tumbling. coefficient and the rdg coefficient considered in theoretical

human stability model were not measured in this experiment,
the coefficients had a limitation that could not help assuming
and using by the existing literatures.

Figsl3 and 14 show the relationship between trevfl
velocity and drag/friction coefficients when losing human
stability. Based on the existing experiments, the drag
coefficient with the value of 0.6~1.15 has the sensitivity of
max. 27.8 % for flow velocity when people are toppled (see
Fig. 13) and the fction coefficient with the value of 0.4~0.9
has the sensitivity of max. 50.0 % (see Fig.14). Hence, there
can be many deviations in the assessment criteria due to th
uncertainty of the variables (gravity center, friction/drag
coefficients) used in thedieal stability assessment model
equation. Therefore, this research presents criteria for humal
stability assessment based on the curve fitting from the
experiment result and the existing researches.

(b)0.08 sec

(d)0.23 sec
30 T rriction
— -~ Moment
§ 25 A
:g 20 A
o
o
g 15 -
s
; o 10
(e) 0.28 sec (f) 0.38 sec E 5 |
Friction Coefficient (u,): 0.4
Figure 12: Motion of Overtopping Wave 0 . - e
0.6 0.7 0.8 0.9 1.0 1.1 1.2
C. Comparison with theoretical formula Drag Coefficient
When a person on a breakwater is toppled, the water depth andFigure 13: Influence of Dag Coefficient wherHuman
the flow velocity are depending on his/her clothes and shoes, Overturns

floor surface, standing conditions as well as body type. In this
clause, the facts which make people toppled were described.
Among the factors, the most prevailed factor is the difference o
body type (such as height and weight).

According to the preceding research?], the drag coefficient
related to the force applied to a persorthia water flow did not
show a meaningful difference among subjects but had a littlg
difference depending on their clothes. As result of this research
the overall dispersion of the drag coefficient was shown large a
0.6~1.0 for long boots and slacks af®~1.15 for dry suit

o
o

—Friction

(%]
(=]
L

B
=]
L

Ratio of Velocity (%)
8 8

[
o
L

(waterproof clothing). In addition, in the experiment for the static 0 , , ; Depth(h):03m |
friction coefficient of shoes and floor surface, the drag 0.4 0.5 0.6 0.7 0.8 0.9

coefficients for sneakers and shoes separately were 0.4~0.9 a Friction Coeffient
0.6~0.9, separately according to the caodg of floor surface.

The research suggested that the representative values for slippe
concrete surface in case of water overtopping and very slippery

Ilijgure 14: Influence of FrictionCoefficient wherHuman
Overturns
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The criteria were compared to the theoretical equations for

general water flow (steadiofv) stability assessment (Eqsd 3)

for each subject. Figks to 17 show the reaction against the
stability of the subjects (uresponse, tiptoe lifting, tiptoefting
significantly, slipping, tumbling) as shown in flow velocity (V)
and water depth (D). Symball' means urresponse athe person
subjects against overflow water on breakwater. Syrhbbl a n
‘ A’mean their toe clearance and significant toe clearang
between the tiptoe and the floor surface, respectively. Th
reaction of Tiptoe liftings i gni fi cantl y (c&) "’
are al most topp'l eadnd AMean, t hbegi
by slipping and tumbling, respectively.

The shaded area indicates the limit lines for stabitiyd
instability when the criterion for the stability was considered a
tiptoe lifting. Sometoppling were happened in the flow velocity

0.5 [[Gr1s [ comra5,u=04 | ;=06 | [[c:=0.6,u=0.4 |[ co=1.15,u=0.9
) Drag Coefficient: C, S bt -
1 Friction Coefficient: y, Tel
0.4 A
—_—
E 03] L
< &
a & oo
[} 9 o
o 0.2 0 Un-response E
a Tiptoe lifting
A Tiptoe lifting significantly
0.1 4 o Slipping (Experiment)
o Tumbling (Experiment)
—Slipping (Theory)
0.0 1 Tumbling(Theory) —
1.0 15 2.0 2.5 3.0
Velocity (m/s)

and water depth similar to theoretical curve, but most dat

showed that toppling was happened in the flow velocity zone

slower than the toppling limit area for the same water depth and

in the lower water deptlof the same velocity. It is evaluated that

Figure 17: Human Stability on Overtopping Wave

(Subject: A§

these results are resulted from the overtopjoiverflow

Analysis of Expeimental Data

properties (drop of overtopping water, effect by impulse forcerne opjective of the experiment performed in this study was

etc.) clearly different from the general steady flow.

05 [c135 [ ctasp=0a | [ 606 | [G=0.6,p=0.4 |[ c;=1.15,4=03 |
™" J Drag Coefficient: C, N
7 Friction Coefficient: p,
04 A
—
f. 0.3 - T
£ i g a
'E_ - oo B
202 ] ? B
o O Un-response ﬁ
1 & Tiptoe lifting j g
1 a Tiptoe lifting significantly 0 0g
0.1 4 ¢ Slipping (Experiment)
] e Tumbling (Experiment)
1 —Slipping (Theory)
1 - - Tumbling (Theo
0.0 J—-Tumbling(Theory)
1.0 1.5 2.0 25 3.0
Velocity (m/s)

Figure 15: Human Stability on Overtopping &Ve (Subject: A3)

0.5 [(em115 | cosra5,u-04 | [[ce08 ]l €570.6,u0.4 | [ Co=1.15, 1209 |
4 O Un-response Mg Sk
1 & Tiptoe lifting
1 a Tiptoe lifting significantly
0.4 - o Slipping (Experiment)
1 e Tumbling (Experiment)
— 4 —Slipping (Theory)
é 03 - - Tumbling (Theory)
= 4
i
o B
o 0.2 -
[a] g o
00f g
0.1 A
- Drag Coefficient: C,,
0.0 1 Frilctior‘\ Coefﬁcfemiu, . L |
1.0 15 2.0 25 3.0
Velocity (m/s)

Figure 16: Human Stability on Overtopping &ve (Subject: B)
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to measure the water depth (D) and the current velocity (V) at
the time when a human loses stability by overtopping flow
while the human stands upright on a vertical face breakwate
without resisance (defenseless state). ER). shows the
experiment performed with human and dummy subjects anc
their falls.

Figure 18: Panorama of adst onHumanSability

The result of the experiment clearly shows that toppling
occurs in the watedepth/flow velocity zone lower than the
toppling limit area by the theoretical equation due to the
properties of overtopping water different from general steady
flow in overtoppingoverflow over a breakwater. As stated
above, there can be exist many dewiag from the
assessment criteria due to the uncertainty of variables (sucl
as drag coefficient depending on worn clothes and friction
coefficient depending on floor surface) used for theoretical
stability assess model equation, so this research will mrese
the assessment criteria based on this experimental data ar
the curve fitting of existing research data. The stability
assessment criteria divided the boundary between stability
and instability into two stages; Instability 1 from-tesponse

to tiptoe Ifting and Instability 2 for slipping (friction limiting
state) and tumbling (moment limiting state). When applying
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the result of this experiment, the relationship between D (watefTable 3: TheAl p h a
depth) and V (flow velocity) presented by Ramsbottom et al. [7,8]

to classly the dangerous area for human in water stream can be

through t heD(/urOv & 3Hewnmtin Fignld to 21,
Table 3.
0.4 -
- ... [owsosros0 | e,
0.3 |~ =t} — & D . 4
E 525 E g % 4
= 1 o o TwEHaftt
| 02 e “B--4-..
3- . i H g =] E’E‘E»- (== ; O "T-e-
o 1 & Un-response T a4 u-i-ﬁ"é*-u,_ﬁi I
4 & Tiptoe lifting a a J,' —
0.1 - 4 Tiptoe lifting significantly m
4 # Slipping L— - - —1
1 @ Tumbling
71— Instability (1)
0.0 ----Instability (2)
1.0 1.5 2.0 2.5 3.0

Velocity (m/s)

Figure 19: Curve Fitting $ability Equations using the
Ramsbottom'&\pproach (Subject: A3)

0.3 ] [ p(v+0.5)=0.51 |
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Q A

4 ]
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| o g o 85’
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0.1 - 4 Tiptoelifting signif. I
4 * Slipping D(V+0.5)=0.39
1 @ Tumbling
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Figure 20; Curve Fitting $ability Equations using the
Ramsbottom'&\pproach (Subject: B)
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Figure 21: Curve Fitting $ability Equations using the
Ramsbottom'épproach (Subject: 8)
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(a) Val ue tabifity t h
Equati ons *“D(V+0.5)=
Limit State Instability 1 | Instability 2
(Tiptoe lifting) | (Slipping or
Target Tumbling)
C1 (H-M=14 m-kgf) 0.21 0.23
C2 (H-M=28 m-kgf) 0.26 0.32
C3 (H-M=49 m-kgf) 0.39 0.46
Al (H-M=117 m-kgf) 0.61 0.61
A2 (H-M=120 m-kgf) 0.72 0.72
A3 (H-M=121 m-lgf) 0.46 0.60
A4 (H-M=130 m-kgf) 0.43 0.57
A5 (H-M=135 m-kgf) 0.39 0.51
A6 (H-M=159 m-kgf) 0.44 0.56
Fig22 shows the relationship

function of height (H) and weight (M) representing human
physical body schis & fenctioraof water D
depth (D) and velocity (V) representing thaverflow
properties. From Fig. 2 , the critical
human stability <can be def
boundary between stability and instability may be classified
as Instability 1, which represents turning from a stationary
position to toe clearance between the tiptoe and the floor
surface (conservative evaluation), and Instability 2, which
represents an actual toppling by slipping or tumbling.

The D-V value, whichd considered as safe for children with
respect to all H-M, is expressed as Eq. 4 for both the
Instability 1 (tiptoe lifting) stage and Instability 2 (toppling)
stage. For adults, the D-V value for the Instability 1 (tiptoe
lifting) stage was expressed ag.%E and that for the
Instability 2 (topping) stage was expressed aseq.

1.0 | O Un-response
0.9 - 4 Tiptoe lifting
w o Slipping (Friction) °
~ © Tumbling (Moment)
on 08 1 jnstability (1) ie :
g 0.7 |- nstability 2) ¢ i
2 os | : :
3 8
_O 0.5 A
g 04 1 o é ! F S
& oo il 8 0 Lo
w 0. It Iy Toze
o W E 0.26
@ 02 - g 5 By
(a] P - ——~—g—‘Lo.14 o go 8
00 — \
0 50 100 150 200
Height-Mass (m-kg)

Figure 22: Relation between H-M and D-V
DV =014 4)
DV =0.26 ®)
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DV =034 (6)
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