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Abstract  
Recently, there have been numerous fatal accidents resulting from 

overtopping waves on a breakwater. To secure safety in the 

coastal area, it is necessary to prepare an accident prevention plan 

by applying evaluation criteria to judge the risk of human falling 

due to overtopping waves. The objective of this study is to 

provide supporting documentation for the breakwater entrance 
control plan to prevent the falling accident into the sea. To 

achieve this goal, the hydraulic experiment was performed with 

children and adults regarding the human stability against 

overtopping flow on a breakwater. From the experiment resultant 

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 lifting 
limiting state (Instability 1) and toppling limiting state (Instability 

2) on a breakwater. The conditions (water depth and flow 

velocity) for human stability failure by overtopping flow were 

evaluated as lower than those in the general steady flow. The 

evaluation criteria for human stability on a breakwater with 

respect to Instability 1 and Instability 2 were proposed. 

 

Keywords: Human stability, Overtopping wave, Falling accident, 
Breakwater, Loss of life, Abnormal ocean wave. 

 

 
Introduction  
A breakwater, which is a representative waterfront facility 

enabling visitors of a coastal area to approach as close as possible 

to the sea, is a facility that has the purpose of creating a calm 

water zone by breaking the sea waves. Therefore, breakwaters are 

built at locations where the water wave conditions are severe in 

comparison with those of other port facilities. In recent years, 

climate change has increased the generation of unexpected and 
abnormal ocean waves. As such, a breakwater should be 

considered as a waterfront space that may be most easily exposed 

to the risk of overtopping waves caused by a swell, as shown in 

Fig.1. Recently, a number of fatal accidents have occurred as a 

result of such overtopping waves on a breakwater [1]. To secure 

coastal safety, it is necessary to prepare an accident prevention 

plan (reducing overtopping water through installation of parapet 

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

risk of human falling due to overtopping waves. 

 

 
 

Figure 1: Overtopping Wave on a Breakwater 

 
Most previous studies were focused on human stability 

against flowing water at times of flooding [2-15] or storm 

[16], and few studies have been conducted on human stability 

against overtopping wave on a breakwater. In a study 

conducted in Japan [17], the concepts related to overtopping 

wave and the risk to a human was defined, and an experiment 

was performed to evaluate human stability. However, the 

stability evaluation experiment was performed considering 
general water flow by assuming overtopping flow 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 caused 

by overtopping flow on a breakwater model were 

investigated with three adult males. In addition, theoretical 

studies [6-8,13,14,17] have been conducted to establish a 

model for evaluating human stability in a water flow. 
Synthetically, the existing researches almost conducted 

human stability evaluation under general water flow as a 

steady flow. However, in this study, the human stability 

evaluation through experiment study was performed 

considering the overtopping-overflow properties (drop of 

overtopping water, effect by impulse force, etc.) clearly 

different from the general steady flow. 

The objective of this study is to provide supporting 
documentation for the breakwater entrance control plan to 

prevent the falling accident into the sea. To achieve this goal, 

the hydraulic experiment was performed with children and 
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adults regarding the human stability against overtopping flow on 

a breakwater. From the experiment resultant analysis, the 

evaluation criteria to judge the risk of human falling due to 

overtopping waves are proposed to prevent fatal accidents on a 
breakwater. 

 

Failure Mechanism and Human Model 
The mechanism that causes the loss of human stability in a water 

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 moment 

limiting state shown in Fig.2(b). The equations (Eq.2~3) are used 
to evaluate the slipping type fall and tumbling type fall. The Eq. 1 

is a slipping type fall by a friction limiting state, and Eq.2 is a 

tumbling type fall by a moment limiting state. 

 

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

 

Figure 2: Unstable Falling Behavior of a Human due to the Flow 

 

 
 

Figure 3: Concept of Human Stability Evaluation (F.B.D) 

 

osWF m²     (1) 

GoG lWFh ²     (2) 

2

2
VA

g

w
CF o

o
D=    (3) 

 

where, F : drag force, μs: static friction coefficient,  

Wo : underwater weight, hG: distance from floor surface to drag 

force, lG: distance from heel to center of weight, CD: drag 

coefficient, wo: unit weight of water, g: acceleration of gravity, 

Ao: projected area, V: flow velocity 

To appropriately determine the physical body conditions of 

the human stability experiment subjects (human and dummy 

subjects), Korean standard physical body models were 

prepared as shown in Fig.4 on the basis of the body size data 
for each age and sex group measured by SizeKorea [19]. 

 

 
(a) Real condition                   (b) Idealized condition 

 

Figure 4: Standard Human Model to Evaluate Human 

Stability in Korea 

 

Experimental Study 
A. Subjects/Experimental conditions 

Six persons were selected as the adult male subjects (for a 

standard body, obese body, and thin body). With respect to 

children (of the age groups of 2-3 years, 6-7 years, and 9-10 

years), three dummies shown in Fig.5 were selected as the 
subjects. TABLE.1 shows the physical 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 12 or lower 

(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. 
 

 
 

(a) C1   (b) C2      (c) C3 
 

Figure 5: Mannequin Subject for Child 
 

TABLE.1 shows the physical 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 
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weight. Children were defined as those age 12 or lower (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. 
 

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

 

Parameters Mannequin Subject (Child) 

 C1 C2 C3 

Age 2~3 6~7 9~10 

Height(H) 0.930 1.200 1.370 

Standard Height 0.952 1.188 1.356 

Weight(M) 15 23 36 

Standard Weight 15 23 34 

Difference from 

Standard Weight 0.0% 0.0% 5.9% 

H·M 14 28 49 

Standard H·M 14 27 46 

    

Parameters Real Person Subject (Adult) 

 A1 A2 A3 

Age 24 34 28 

Height(H) 1.720 1.710 1.680 

Standard Height 1.730 1.713 1.708 

Weight(M) 68 70 72 

Standard Weight 69 72 67 

Difference from 

Standard Weight -1.5% -2.8% 7.5% 

H·M 117 120 121 

Standard H·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 

Standard H·M 123 122 123 

    

 
The dummies were dressed in cotton pants and simple sneakers in 

all the experiments, as shown in Fig.5. 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 Fig.6(a) and the waterproof rubber 

clothing shown in Fig.6(b). The shoes included two types which 

were the general sneakers having the bottom surface shown in 

Fig.7(a) and the quality sneakers having the excellent slip-
resistant bottom surface shown in Fig.7(b). The waterproof rubber 

clothing incorporated the shoes having the bottom surface 

shown in Fig.7(c). 

Human 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 both the 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 not to resist the water 

flow as much as possible (defenseless state condition). 

Failure mechanisms were divided into toe clearance between 
the tiptoe and the surface, high toe clearance, 

friction/slipping, and moment/tumbling. 

 

 

 
 

(a) Jean  (b) Waterproof clothing 
 

Figure 6: Trouser 

 

 

 
 

(a) General footwear 

 

 
 

(b) High quality footwear 
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(c) Waterproof clothing 
 

Figure 7: Bottom Surface of Footwear 

 

B. Experimental setup 
The flume used in the human stability experiment was a two-

dimensional, large-scale wave-current-tide with a size of 2 (W)×3 

(D)×100 (L) m3. The breakwater was a vertical face breakwater 

with a size of 2×1.8×3.2 m3. The water depth was fixed at 1.7 m 

so that the initial crest height could be 0.1 m. The height of the 

breakwater could be varied by 0.1 m each time up to 0.6 m by 

using 0.1 m-thick plates (Fig.8). The cement surface shown in 

Fig. 9(a) was applied to the test sector bottom to simulate a 
general concrete surface, and a wood surface shown in Fig.9(b) 

was applied to simulate a slippery surface. The water temperature 

was 15.9 to 17.2  during the experiment. 
 

 
 

Figure 8: Breakwater Model 

 

 
 
 

(a) Cement   (b) Wood 

 

Figure 9: Top Surface Condition of the Test Sector 

A propeller flow rate (Fig.10, TABLE.2) that allows for 

measuring a flow rate up to 13.8 m/s and has an accuracy of 

± 2% was used to measure the flow rate at the test sector. The 

values of flow velocity applied to analysis were time-average 
values by the hydrometer. The water depth was measured by 

reading the grid gradation by recording a video of the cross-

section of the flume, as shown in Fig.11. 

 

 
 

Figure 10: Hydrometer 

 

Table 2: Specification of Hydrometer 

 

Category Specification 

Measurement function Present, Maximum, Average 

Unit Knots, mph, km/h, m/s, fps 

Min. sensitivity of impeller 0.1 m/s, 0.3 km/h (Water) 

Max. velocity 13.8 m/s, 50 km/h (Water) 

Resolution 0.1 (cm/s; 3) 

Accuracy ± 2% 

Usual temperature -20~70  

  

 

 
 

Figure 11: Measuring the Depth of Water 
 

Fig.12 shows the motion of the actual flow of the 

overtopping waves over time when the height of the wave 

was 0.68 m, the wave period was 3.0 sec, and the crest height 

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 the overtopping wave touches 

the breakwater crown surface, as shown in Figs.12(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 the breakwater, as shown in Figs.12(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 

human stability evaluation, was 0.08 to 1.03 m2/s. 

Details of the experimental procedure used in this study are 
as in the following. 
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● Set harmonic waves according to the wave period through 

wave generator. (Wave period: 3.0~10.0 sec, Height of the 

wave: 0.49~1.00 m) 

● Place the human and dummy subjects on a breakwater and 

fasten the safety belts. 
● Generate the previously set harmonic waves according to 

the wave period.  

● The human and dummy subjects stand upright without 

resistance (defenseless state).  

● Repeat increase of the height of the wave until occurrence 

of their falls by slipping or tumbling. 

 

(a) 0.00 sec (b) 0.08 sec

(c) 0.15 sec (d) 0.23 sec

(e) 0.28 sec (f) 0.38 sec
 

 
Figure 12: Motion of Overtopping Wave 

 

C. Comparison with theoretical formula 

When a person on a breakwater is toppled, the water depth and 

the flow velocity are depending on his/her clothes and shoes, 

floor surface, standing conditions as well as body type. In this 

clause, the factors which make people toppled were described. 

Among the factors, the most prevailed factor is the difference of 
body type (such as height and weight). 

According to the preceding research [17], the drag coefficient 

related to the force applied to a person in the water flow did not 

show a meaningful difference among subjects but had a little 

difference depending on their clothes. As result of this research, 

the overall dispersion of the drag coefficient was shown large as 

0.6~1.0 for long boots and slacks and 0.9~1.15 for dry suit 

(waterproof clothing). In addition, in the experiment for the static 
friction coefficient of shoes and floor surface, the drag 

coefficients for sneakers and shoes separately were 0.4~0.9 and 

0.6~0.9, separately according to the conditions of floor surface. 

The research suggested that the representative values for slippery 

concrete surface in case of water overtopping and very slippery 

situation covered by an attachment such as water plant could 

be separately considered as 0.6 and 0.4. 

Since the subjects for this experiment wore jeans, the drag 

coefficients of 0.6~1.0 could be used. Also, since they wore 
general sneakers identically, the friction coefficient of 

0.4~0.9 could be applied. The point of ‘0.3×feet length’ away 

from the heel was set as the representative point for the 

position of gravity center referring to the research of Park et 

al. [20]. In addition, all subjects took part in the experiment 

facing forward in the direction flowing out. Since the friction 

coefficient and the drag 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. 

 

Figs.13 and 14 show the relationship between the flow 

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 friction 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 the 

uncertainty of the variables (gravity center, friction/drag 

coefficients) used in theoretical stability assessment model 

equation. Therefore, this research presents criteria for human 

stability assessment based on the curve fitting from the 

experiment result and the existing researches. 
 

 
 

Figure 13: Influence of Drag Coefficient when Human 

Overturns 

 

 
 

Figure 14: Influence of Friction Coefficient when Human 

Overturns 
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The criteria were compared to the theoretical equations for 

general water flow (steady flow) stability assessment (Eqs.1 to 3) 

for each subject. Figs.15 to 17 show the reaction against the 

stability of the subjects (un-response, tiptoe lifting, tiptoe lifting 
significantly, slipping, tumbling) as shown in flow velocity (V) 

and water depth (D). Symbol ‘□’ means un-response of the person 

subjects against overflow water on breakwater. Symbol ‘’ and 

‘▲’ mean their toe clearance and significant toe clearance 

between the tiptoe and the floor surface, respectively. The 

reaction of ‘Tiptoe lifting significantly (▲)’ is when the subjects 

are almost toppled. Also, symbol ‘’ and ‘●’ mean their toppling 

by slipping and tumbling, respectively. 

The shaded area indicates the limit lines for stability and 

instability when the criterion for the stability was considered as 
tiptoe lifting. Some toppling were happened in the flow velocity 

and water depth similar to theoretical curve, but most data 

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 depth for the same velocity. It is evaluated that 

these results are resulted from the overtopping-overflow 

properties (drop of overtopping water, effect by impulse force, 

etc.) clearly different from the general steady flow. 
 

 
 

Figure 15: Human Stability on Overtopping Wave (Subject: A3) 

 

 
 

Figure 16: Human Stability on Overtopping Wave (Subject: A5) 

 

 
 

Figure 17: Human Stability on Overtopping Wave  

(Subject: A6) 

 

Analysis of Experimental Data 
The objective of the experiment performed in this study was 

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 breakwater 

without resistance (defenseless state). Fig.18 shows the 

experiment performed with human and dummy subjects and 

their falls. 

 

 
 

Figure 18: Panorama of a Test on Human Stability 

 

The result of the experiment clearly shows that toppling 
occurs in the water depth/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 overtopping-overflow over a breakwater. As stated 

above, there can be exist many deviations from the 

assessment criteria due to the uncertainty of variables (such 

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 present 

the assessment criteria based on this experimental data and 

the curve fitting of existing research data. The stability 

assessment criteria divided the boundary between stability 

and instability into two stages; Instability 1 from un-response 

to tiptoe lifting 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 (water 

depth) and V (flow velocity) presented by Ramsbottom et al. [7,8] 

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

through the curve fitting ‘D(V+0.5)=α’ as shown in Figs.19 to 21, 
Table 3. 
 

 
 

Figure 19: Curve Fitting Stability Equations using the 

Ramsbottom's Approach (Subject: A3) 

 

 
 

Figure 20: Curve Fitting Stability Equations using the 

Ramsbottom's Approach (Subject: A5) 

 
 

 
 

Figure 21: Curve Fitting Stability Equations using the 

Ramsbottom's Approach (Subject: A6) 

 

Table 3: The Alpha (α) Value of the Curve Fitting Stability 

Equations ‘D(V+0.5)=α’ 

 

              Limit State 

 

Target 

Instability 1  Instability 2  

(Tiptoe lifting) 

 

(Slipping or 

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 

A1 (H·M=117 m·kgf) 0.61 0.61 

A2 (H·M=120 m·kgf) 0.72 0.72 

A3 (H·M=121 m·kgf) 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 

   

 

Fig.22 shows the relationship between ‘H·M’ which is a 
function of height (H) and weight (M) representing human 

physical body sizes, and ‘D·V’ which is a function of water 

depth (D) and velocity (V) representing the overflow 

properties. From Fig.22, the critical ‘D·V’ boundary of the 

human stability can be defined according to ‘H·M’. The 

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, which is 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 

lift ing) stage was expressed as Eq.5 and that for the 

Instability 2 (toppling) stage was expressed as Eq.6. 
 

 
 

Figure 22: Relation between H·M and D·V 

 
 

14.0=DV     (4) 

26.0=DV     (5) 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 11, Number 1 (2016) pp 111-119 

© Research India Publications.  http://www.ripublication.com 

118 

34.0=DV     (6) 

 

Fig.23 compares the relationship between the velocity (V) and the 

water depth (D) when a human falls (friction/slipping, 
moment/tumbling) on a breakwater in the present experiment with 

the experimental results of previous studies regarding general 

steady flows. The overtopping flow conditions under which a 

human may fall, including the water depth and the flow velocity, 

are evaluated as lower than those of the flow conditions of 

general steady flows such a flood. This is because there are 

differences in the frictional conditions of the bottom and the 

shoes, the drag force conditions of the clothing, and the resistance 
or no resistance to water flow. In addition, the main difference 

may be because the overtopping flow on a breakwater not only 

has drag force but also has inertial force by flow acceleration. 

 

 
 

Figure 22: Relation between depth (D) and velocity (V) 

 

Conclusion 
An experimental study was uniquely conducted to evaluate 

human stability with respect to overtopping-overflow on a 

breakwater different from the existing researches considering the 

general steady flow and the following conclusions were made: 

● The conditions (water depth and flow velocity) for human 

stability failure by overtopping flow were evaluated as 

lower than those in the general steady flow. 
● The evaluation criteria for human stability on a breakwater 

with respect to Instability 1 and Instability 2 were proposed 

as shown in the following table. 

 

 

Table.4. Evaluation Standards for Human Stability on 

Breakwaters 

 

Limit St ate 

 

Target 

Instability 1  Instability 2  

(Tiptoe lifting) 

 

(Slipping or 

Tumbling) 

Child 

(H·M=14~49 m·kgf) DV=0.14 m2/s DV=0.14 m2/s 

Adult  

(H·M=117~159 m·kgf) DV=0.26 m2/s DV=0.34 m2/s 
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