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Abstract

:

Human safety is paramount in flood disasters. Current research indicates that the majority of fatalities in such disasters are due to people moving in water. Existing studies on human stability in floods have primarily focused on the static resistance of a standing posture against water flow, neglecting the realistic scenario where people need to move and attempt self-rescue in the aftermath of destabilization. This paper introduces an analysis of the stability during the self-rescue process following a fall in floodwaters, providing insights into the baseline risks of human impact in floods. The self-rescue process is defined as the recovery to a standing position after a fall, segmented into four postures: sitting, kneeling, squatting, and standing. Additionally, considering the significant variability of the current method (  D × v   water depth multiplied by flow velocity) used to assess human stability in floods, this research thoroughly investigates previously undefined parameters, including submerged volume, frontal area, wet friction coefficient, and flow resistance coefficient. This leads to the development of a physically meaningful self-rescue risk assessment formula, which is validated against previous studies for accuracy, with the aim of contributing new insights to flood risk management and public education.
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1. Introduction


Floods are one of the most common natural disasters, which affect a wider range of people than other natural disasters. Every year, floods cause huge disasters, significant economic losses, and human casualties [1,2]; Over the past decade, many studies [3,4,5]; have shown that the leading cause of death in cities during floods is related to roads, as the pathway of fast-moving flooding water. Globally, the socio-economic vulnerability to flood hazards is on the rise, as evidenced by the significant damages inflicted by recent major flooding events in various countries [6,7].



In 2011, Australia Queensland experienced a major flooding event due to a very heavy rainfall event, with flood reconstruction costs estimated at more than $5 billion; a total of 33 people lost their lives, and several people were swept away by floodwaters [8,9,10]. Similarly, the severe floods in Pakistan that started in June 2022 have resulted in catastrophic consequences. About a third of the country’s landmass has been submerged, leading to the destruction of 3.6 million acres of crops and the loss of over 750,000 livestock [11]. Additionally, nearly 24,000 schools have been damaged, along with numerous roads and bridges [12]. The economic toll of the floods, including infrastructure damage and the loss of crop and food production, is estimated to surpass $30 billion [13]. In July 2023, due to an average of 170 mm of rainfall over a 20-h period, with a maximum of 460 mm of rainfall in the Fang Shan area of Beijing, China, a severe flash flooding occurred, and the direct economic damage from this flooding was estimated to be US$1–8.6 billion, with 1–6 million people affected by the flooding and about 80 lives lost [14]. In the same rainfall event, flooding affected 110 counties (cities and districts) in Hebei Province, with 3,888,600 people suffering from flooding and $13.37 billion of direct economic losses in the province [15]. The risk of loss of life by flooding is expected to increase due to population agglomeration and urban development in flood-prone areas, as well as the effects of climate change [16].



The loss of life in inundation scenarios is a crucial aspect of the interaction between humans and floods. The loss of human stability in floods represents the most direct, concrete, and rapid interaction between water and humans, a topic that has received less attention in recent years, compared to other hydrology branches. To date, the primary focus has been on dam failure disasters [17,18], physical experiments [19,20,21,22], and conceptual models [23,24,25]. However, studies have identified two key hydrodynamic mechanisms leading to body instability: overturning instability caused by moment imbalance and sliding instability resulting from horizontal forces’ (friction) imbalance. Overturning instability occurs when the moment generated by the water flow bypassing the body outweighs the stabilizing moment due to the body’s weight [19,21]; sliding instability, on the other hand, happens when the hydrodynamic push force of the water flow bypassing a human body is greater than the friction between the standing feet and the substrate surface.



In the Netherlands, 33% of drowning deaths occur in vehicles, with pedestrians accounting for 25%; in fact, many of the injuries and deaths occur when people are trying to move in floodwaters [10,26], which suggests previous studies may be somewhat overly optimistic [27]. Pedestrian instability in flooding in the upright state is affected by a variety of factors, such as floating vision being obstructed by floodwaters (preventing clear observation of road conditions, leading to tripping over curbs and other obscured underwater objects); stepping into empty spaces at the edges of sidewalks, causing instability; and the impact of water flow caused by large vehicles passing by, etc. Therefore, the ability to carry out effective self-rescue has become the key action to reduce/eliminate the risk of pedestrians involved in the water. The main focus of this article is not to identify the various unexpected factors that may affect a person’s stability in water, but rather to explore the analysis of individuals’ self-rescue abilities after losing stability, due to unforeseen circumstances in the water. Therefore, the listed unexpected situations will not be discussed in detail. Hence, assessing the risk of pedestrians in water solely based on their ability to maintain a stable posture is not sufficient to fully understand all the potential dangers they may face. It is necessary to analyze the self-help process and postures that pedestrians may take after destabilization and assess the stability of pedestrians at various postures to the flooding water as a basis for judging the risk of roads, as the pathway of flooding water, to pedestrians. This helps to make a more detailed classification of the risks pedestrians face when encountering floods.



The main purpose of this study is to provide a new way of thinking about the existing experimental methods for human stability underwater flow and to provide a set of comprehensive physical equations to assess the risk to pedestrians in floods. This paper introduces for the first time the self-rescue process after human instability (i.e., fall) and makes it the focus of the study on human stability in floods. Previous studies, which only assessed the pedestrian’s ability to stand still against the impact of flooding water flow, did not fully represent the various risks to humans in floods. People do not stand and wait in place for the impact of floodwaters. Rather, they move in floodwaters and are more likely to face disaster, i.e., a high risk of falling and being washed away if they cannot self-rescue. Therefore, the ability to self-rescue after losing stability is a true and better measure of human endurance to floods. This approach may be more conservative in numerical terms but advances the understanding of human stability in floods from a static to a dynamic perspective. Due to the lack of detailed numerical studies on human parameters, such as submerged volume and frontal area, in the literature, we introduced simplified three-dimensional models of four postures after human instability. These models describe the relationship between specific human parameters and water depth in different postures, which was not present in previous research. Based on these models, we conducted a numerical model analysis to better understand the hydrodynamic interaction between the human body and average flood flow. Ultimately, we present a set of physically meaningful equations for assessing the chance of self-rescue after instability in floods.




2. Study of Human Instability in Floods


2.1. Existing Human Stability Studies


In the past decades, many researchers have carried out detailed studies on the forces applied to and stability limit of the human body in floods, and most of these studies involved both theoretical analysis and experimental research. The theoretical part is mainly carried out through mechanical analysis, which analyzes the forces that the human body may be subjected to in the water one by one, and then the corresponding expressions of the relationship between the flow rate and the depth of the water can be deduced [21,22,25]. Experiments include model experiments and real human body experiments— model experiments have some use of concrete or marble board instead of the real human body, or the use of an equal proportion of the reduced human body model instead of the real human body [19,20,21,22,23,28,29,30,31,32]; in the water, it is washed down or washed away to determine the current conditions for the human body’s wading limit, and then corrected according to the model of the ratio scale of the flow rate and depth of the water to get the final human body wading limit. The real experiment for the stability of pedestrians in the flood judgment criteria is mainly obtained through the water impact on standing human body when people in a standing position are washed down or feel that the water flow on the human body is a clear threat, making it possible to judge the depth of water and the flow rate of the human body’s wading limit. Summarization of the human experimental data up to now is shown in Table 1.



By organizing the experimental subjects and experimental data, it can be seen that the factors that may affect the stability of the human body in the water that have been focused on by previous researchers include the type and slope of the underlay, the physical parameters of the experimental subjects, and the state of the human being when conducting the experiment. However, the existing studies are limited to the standing posture or simple moving state, and there are no studies involving other postures.




2.2. Self-Help Stance after Destabilization


Through the domestic and foreign real water-related disaster event videos combined, it was found that the human body in the water after the accidental destabilization [33] can basically be divided into the following two states: (1) directly washed away by the current, incapable of self-rescue. (2) The friction force developed between the human body and the ground is greater than the pushing drag force of the flooding water current, and the person can remain static and stable—at this time, the primary goal of self-rescue is to recover to a standing position [33]. Therefore, this study concentrates on the self-rescue process that is employed to restore the human body to a standing position following accidental destabilization in flooding water. It identifies the most hazardous part of this process, which serves as a foundation for developing strategies in road flood management.



To elucidate the process of self-rescue in floods, it is imperative to first examine the dynamics of destabilization, as the initial posture following destabilization acts as the commencement point for self-rescue, with the subsequent choice of self-help approach being contingent on this posture. The act of falling can be broadly categorized into two types: forward and backward falls. In a backward fall, individuals land on their buttocks and may utilize their hands to support themselves against the ground backward to counter the oncoming flow, thereby enhancing stability (Figure 1a). Conversely, in a forward fall, individuals typically employ their hands to brace against the ground, with knees making direct contact and legs bent into a kneeling position (Figure 1b) [34].



The 3D model proposed in this paper was developed by analyzing real flood videos, selecting the most likely postures after destabilization and their self-rescue processes: it is a simplification of the self-rescue process in real floods.



The process of attempting to regain one’s footing after a fall is defined as a “self-rescue process”. The self-rescue process is more complicated than the fall, and there are various options for recovering from sitting or kneeling to standing, but people generally do not have good locomotor ability in the water, and actions such as one-handed bracing and other unstable movements are difficult to complete successfully in the water when there is a certain flow rate, so all unstable postures need to be transitioned to standing through the intermediate posture of squatting (Figure 1) [34].





3. Analysis of the Force State of the Human Body in Water


The transition from the prone kneeling posture shown in Figure 1a to the subsequent upright kneeling posture is relatively easy; when facing the incoming flow, the trunk/torso directly bears the impact of the water flow and the head is in a low position facing the risk of water ingestion, meaning the human body is forced to transition from the prone to the upright kneeling posture. Therefore, this study temporarily omits this posture, focusing only on the sitting, kneeling, squatting, and standing postures.



First, a force analysis of the human body in water under backward fall is conducted (Figure 1(a1)). In water, a person will experience forces in both horizontal and vertical directions; horizontally, they need to withstand the fluid pushing (drag) force   F   caused by the water flow impact on the submerged part of the body, and the frictional force   f   generated by the contact between the body and the ground. Similarly, in the vertical direction, the human body is subjected to its weight   W  , buoyancy   B  , and the support force     N   1     from the ground.



3.1. Gravitational Analysis


For a specific individual, the gravitational force   W   they experience is also fixed and unchanging. The weight   W   is the product of the constant human body weight m and the gravitational acceleration   g  , and can also be expressed as the product of human body density     ρ   P    , gravitational acceleration   g  , and the total volume of the human body     V   T    . This value is only related to the total volume of the human body, and is unrelated to the posture of the body. The formula for calculating it is written as:


  W = m g =   ρ   p     V   T   g ,  



(1)








3.2. Buoyancy Analysis


Buoyancy is a function of the density of water     ρ   f    , the gravitational acceleration   g  , and the volume     V   P     of the human body submerged in water. The formula for calculating it is shown in Equation (2).


  B =   ρ   f   g   V   P   ,  



(2)







The density of water and the acceleration due to gravity are constant. Therefore, to calculate buoyancy   B   at different water depths, it is necessary to establish a relationship between submerged volume and water depth. However, determining the change in submerged volume with varying water depth for the irregular geometric shape of the human body presents a challenge. This issue becomes particularly complex when analyzing postures other than standing. Previous studies often simplify the human body’s shape by approximating it as a combination of cylinders and prisms, but this approach tends to yield relatively low accuracy. Moreover, certain postures, such as squatting, cannot be easily approximated using combinations of regular geometric shapes. In this study, we address these challenges by employing 3D modeling in specialized software to accurately represent the human body. Subsequently, we utilize the software’s volume calculation function to establish the precise relationship between submerged volume and water depth. The specific modeling process can be found in the Supplementary Materials S1.



In the software, by slicing the human body model at different water depths, the variation in the volume ratio with height can be determined. This process results in four fitted curves (Equations (3)–(7)) that show how the submerged volume changes with depth, thereby determining the buoyancy exerted on the human body. The calculation results are shown in the curve in Figure 2.



Although there are some differences in the fitted curves and data points, this is acceptable and more accurate than past research that used cylinders or other geometries instead of the human body. The expressions for the variation in the submerged volume ratio with water depth in various postures are derived as follows (see Table 2).




3.3. Friction Analysis


3.3.1. Friction Calculation Method


In a water flow, the human body exerts pressure on the ground due to the action of gravity. If the water flow applies a pushing force against the body (creating a tendency to slide backward), friction will be generated at the contact surface between the body and the ground. This frictional force is the decisive factor in maintaining the stability of the body in the water. The formula for calculating it is as follows:


  f = μ   N   1   = μ   W − B    



(7)







The friction force is equal to the effective weight (weight   W   minus buoyancy   B  ) multiplied by the static friction coefficient   μ  . The gravity (  W  ) and buoyancy (  B  ) in the above equation are known, so the determination of the friction coefficient becomes the key to the calculation of friction.




3.3.2. The Determination of Friction Coefficient under Wet Conditions


Obviously, the friction coefficient between materials like ceramic floor tiles and steel plates, and types of footwear, such as sports shoes and canvas shoes, significantly decreases when the support surface is wet. However, in the human postures targeted in this study, such as sitting and kneeling, the main weight of the body is concentrated on the buttocks and legs. In these cases, it is the pants that contact the ground. Therefore, in addition to shoes, it is also necessary to determine the static friction coefficient between wet pants and the ground. Currently, there is no data disclosed on this, and so experimental determination is required (Supplementary Material S2).





3.4. Calculation of Drag Force F


In this study, drag is a force acting opposite to the relative motion of human body moving with respect to the surrounding flooding water. It exists between water and a body surface, including (1) form or pressure drag due to the size and shape of a body, and (2) skin friction drag or viscous drag due to the friction between water and the body. The formula of the drag force is as follows:


  F =   1   2     ρ   f       C   d   A v   2    



(8)







Based on previous research conclusions [35,36]; it is believed that speed and water depth are the main bases for assessing risk, and are considered known factors; the frontal area,   A  , facing the flow depends on water depth and human body data, which can be obtained through human body modeling (Figure 3), and can be fitted into a function of water depth(see Table 3); the disturbance caused by the human body in water is a typical blunt body disturbance. The drag coefficient is related to the shape and size of the submerged part of the body and is less related to the flow velocity around it. Its value is obtained through the following numerical simulations.



When calculating drag from flow disturbances, the first step is to determine whether the water flow is in laminar or turbulent regime. As the Reynolds number increases, transitioning from laminar to turbulent flow, the drag force generally increases due to the greater turbulence and mixing in the flow. At low Reynolds numbers, where flow is laminar, drag force tends to be relatively low and proportional to the square of the velocity. However, in turbulent flow, characterized by chaotic and irregular motion of fluid particles, drag force increases significantly as turbulent eddies create more resistance to the object’s motion through the fluid. It is important to note that the precise relationship between Reynolds number and drag force can vary, depending on factors such as the object’s shape, surface roughness, and other flow conditions.



Due to the irregular geometry of the human body, there is no definitive solution for determining the Reynolds number of water flow around it. Therefore, the Reynolds number for flow around the human body in this study is calculated based on the same water flow conditions as those used for a cylindrical body.


  R e =     ρ   f   v D     μ   ′      



(9)







Based on the analysis of numerous cases where pedestrians lose stability in water, it has been found that the flow velocities posing dangers typically range between 0.5–4   m / s  .     μ   ′     is the dynamic viscosity of the fluid (typically measured in   P a · s  ). The Reynolds number,   R e  , can then be calculated according to Equation (9). The Reynolds number is expected to fall within the range of   1.5 ×   10   6     to   3 ×   10   6    , which indicates the presence of turbulent flow.





4. Numerical Simulation


The fluid domain is set as a rectangular domain, simulating the common scenario of pedestrians encountering floodwaters on roads. The fluid domain extends 2.5 m in front of the model, 2 m behind, 1.5 m to each side of the model, and 0.05 m above the model’s head, ensuring sufficient space for computational stability. A tetrahedral mesh is used for the fluid domain, with a mesh size of 0.08 m. Given the model’s numerous curves and lines, to avoid excessively long computation times due to capturing too many curved surfaces, virtual topology is employed to merge multiple faces of the same part that are not necessary for the computation into a single face (Figure 4b). Subsequently, the “Body of influence (BOI)” local mesh refinement method is used to create a region around the model in the fluid domain for mesh densification (Figure 4c), extending 1.5 m in front of, 1 m behind, and 0.45 m to each side of the model. The mesh size is controlled at 0.03 m, with local sizing and control applied to the model, setting its surface mesh size to 0.008 m. The SST-K omega model is used for mesh sensitivity analysis, testing three different mesh sizes of the BOI: 0.03 m, 0.02 m, and 0.015 m. The 0.015-m mesh produces a clearer interface, but the difference in the drag coefficient is minimal. Therefore, to ensure computational speed, the 0.03-m mesh size is chosen. The total number of cells varies with the posture, generally ranging between   2 ×   10   6     and   4 ×   10   6    . Since it is difficult to define the types and elastic conditions of clothing materials, the influence of clothing on the flow around the body is not considered for the time being.



Firstly, the simulation boundary condition for water depth is established. With the upper limit set at 80 cm. Road standards stipulate that passage is prohibited when the water depth exceeds 80 cm, as depths above 80 cm can generally submerge the trunk of an adult male.



The lower limit of water depth was based on the calf length of a child capable of travelling alone. According to the Chinese adult human body size [37] (GB/T 10000/2023), the minimum calf length of Chinese 11–12-years-old female children is 300 mm, assuming that the water depth not exceeding the calf has a relatively low possibility of causing injury to the human body; because of the existence of the study of sitting posture, the upper limit of the study is the height of the head of Chinese adult males in a sitting posture, and at 800 mm of the water can basically be submerged in the head of an adult male—the increase in water depth after the submergence is not very meaningful for the stability of the sitting posture. Moreover, this study only examines the characteristics of the forces on the human body, and ultimately derives formulas that are applicable to a wide range of situations based on the laws of force application.



Therefore, the study discusses water depths between 30–80 cm as the reference for setting boundary conditions. Although the variation in flow rate significantly impacts the drag coefficient around the body, it is still essential to replicate the flow speed at the point of instability as closely as possible for accurate calculations. To ensure the precision of the calculations, it is necessary to estimate the flow speed threshold at which the human body becomes unstable at different water depths. These estimations are then used as the standard for setting the simulation’s inlet boundary conditions. The specific values are based on the risk curves for road overflow detailed in an article published by Xia and others [22], which delineates the combinations of water depth and flow speed that pose a risk to humans. Table 4 lists the flow speed and water depth data used for the numerical simulations.



The simulations were conducted using FLUENT, employing a pressure-based solver for transient analysis. The multiphase flow model was activated with the open channel flow boundary condition selected. An implicit solver was used, enabling interface sharpening and implicit body forces. The SST K-OMEGA model was chosen for the viscosity model.



The simulation considers two phases: water and air, with air designated as the primary phase and water as the secondary phase. Surface tension is configurable in the set-tings, though it has a negligible effect in the studied scenarios. Boundary conditions are set for both inlet and outlet. The inlet boundary is set as a velocity inlet with open channel wave boundaries enabled. The coordinates of the channel bottom and the free surface are set perpendicular to the direction of gravitational acceleration. The outlet is similarly configured to the inlet, with open channel flow and coordinates set for the channel bottom and the free surface.



Given the substantial difference in densities between water and air in this scenario, using an average density as the reference would lead to significant errors. Therefore, the density of air is set as the reference density in FLUENT, where the lighter phase is typically used as the reference. Through analysis of previous simulation methods for calculating flow resistance, we have found that the SST-K omega model is the most suitable among various models for this calculation condition, as it is commonly applied in the calculation of drag coefficients. A number of studies have used this method to calculate the drag on cylinders, demonstrating the feasibility of this approach [38,39,40,41].



The numerical results are analyzed in terms of flow characteristics and hydrodynamic forces. For the sub-critical flow condition, the flow is disturbed upstream of the human body, where a slight deceleration occurs. Vortices occur immediately downstream of the obstacle (Figure 5a,e). For super-critical flows, a significant splashing area is detected in correspondence with the impact zone (Figure 5c).



The sitting posture displayed is from the simulation at a water depth of 0.8 m (Figure 5d). It is evident that, at this depth, even though the person tries to lift their head, the water flow can still submerge the top of the head, corroborating the rationale behind choosing 80 cm as the upper limit for the simulated water depth, which explains why the   C d   for sitting is not monotonically increasing. Figure 6 shows the drag coefficient   C d   as a function of water depth and posture. Equations (14)–(17) represent the empirically fitted formulas for the drag coefficients(see Table 5).



As a pioneering study in the multi-posture force analysis, the focus of this research is on analyzing the differences in the ability of the human body in various postures to resist water flow. Chiara’s study [25] also mentions that adjustments in posture have a significant impact on the safety threshold for human bodies subjected to water flow impacts.




5. Destabilization Analysis


In a state of instability in water, self-rescue efforts by a human body require the fulfillment of two prerequisites: first, the ability to maintain stability in a standing posture; and second, the capability to adjust posture under the impact of water flow.



5.1. Slide Destabilization


Being swept away by water can be understood as slipping and losing stability, which mechanically manifests as the drag force from the flow exceeds the maximum static friction between the human body and the ground. At this point, slipping or being swept away occurs. Subsequently, since sliding friction is less than the maximum static friction, it becomes very difficult for a person to self-rescue through their actions under constant water flow conditions. This can be expressed using the formula:


  F > f = N · μ =   W − B   · μ  



(18)






    1   2   ρ   v   2     C   d   A =   m g −   ρ   f   g   V   P     · μ =     ρ   s   g   V   T   −   ρ   f   g   V   P     · μ  



(19)







Clearly, for standing and squatting postures, the friction coefficient should be based on the static friction coefficient between the wet soles of shoes and the ground; for kneeling and sitting postures, the static friction coefficient of wet pants should be used. In the formulas, the human body density     ρ   P     and water density     ρ   f     are numerically very close, so a unified value of 998.2 kg/m3 is used here, with a 60 kg human body having a volume of 0.060 m3.



The calculations using a body type of 1.75 m and 60 kg are not universally applicable, hence the introduction of the height ratio scale     λ   L    . The ratio of height, frontal area, volume, and other geometric quantities to those of the computed human body establish a relationship with     λ   L    . The total volume ratio should be the cube of     λ   L    , and the frontal area ratio should be the square of     λ   L    . However, when calculating the frontal area, as the height changes, the height of the frontal area remains the water depth, which does not change. Therefore, the ratio of the frontal area is to the first power of     λ   L    . Similarly, the submerged volume ratio is to the square of     λ   L    . Subsequently, by substituting these relationships into the expression, the formula for the resistance of human bodies of different heights and postures to water flow impacts can be derived.


    v   2   =   2 g     λ   L   3     V   T   −     λ   L   2   V   P     · μ     C   d   A   λ   L     =   2 g       λ   L   2   V   T   −     λ   L   V   P     · μ     C   d   A    



(20)







Substituting the ratio and area   A   of said     V   T     and     V   P     into Equation (20) and simplifying gives:


      v   2     s t a n d   =     λ   L   2   −   λ   L     − 0.4083   D   3   + 1.3508   D   2   − 0.5898 D + 0.1361     1.2871   0.02746   D   5   + 0.04560   D   4   − 0.03999   D   3   + 0.00842   D   2   + 0.05194 D − 0.00499      



(21)






      v   2     k n e e l   =     λ   L   2   −   λ   L     − 0.8509   D   3   + 1.7159   D   2   − 0.1351 D + 0.1509     1.1326   − 1.9018   D   5   + 2.6701   D   4   − 1.1746   D   3   + 0.6383   D   2   − 0.1781 D + 0.0430      



(22)






      v   2     s i t   =     λ   L   2   −   λ   L     − 0.6701   D   3   − 0.5085   D   2   + 2.2768 D − 0.1666     1.1326   1.19616   D   5   − 1.20958   D   4   − 2.90274   D   3   + 3.34390   D   2   − 0.35886 D + 0.0001      



(23)






      v   2     c r o u c h   =     λ   L   2   −   λ   L     − 1.0164   D   3   + 1.4780   D   2   + 0.5651 D − 0.0816     1.2871   − 1.25240   D   5   + 0.99002   D   4   + 0.75324   D   3   − 0.46297   D   2   + 0.14138 D − 0.00783      



(24)







This formula is applicable for calculating human stability in floods within a water depth range of   0.3   λ   L     to   0.8   λ   L     meters, to ensure that the human body is not completely submerged in water.



From this, the correspondence between the flow velocity   v   and the water depth   D   when the force of the winding group is equal to the friction force is plotted, as shown in Figure 7a.



Figure 7a shows that the standing posture offers excellent resistance to sliding instability, making sliding instability very unlikely to occur. Existing research also rarely reports sliding instability in a standing position. This is because the coefficient of friction is similar across all postures, but the submerged volume in the standing position is the smallest. As a stabilizing factor, the frictional force is greatest in the standing posture, and its shape is the simplest, resulting in the least drag when water flows around it. In contrast, the sitting posture, due to its more complex shape and the largest submerged volume at the same water depth, has the weakest resistance to sliding.




5.2. Toppling Destabilization


In self-rescue, the human body, apart from slipping and losing stability, also faces the possibility of overturning instability. This can be understood as the body being unable to maintain its current posture, due to the excessive overturning torque caused by the water flow impact, leading to a secondary fall in the water. The difference between this and slipping instability is that the former occurs due to insufficient friction, resulting in being directly swept away by the water flow. In contrast, the latter is due to the current posture becoming untenable under the water flow, leading to instability and a fall. This increases both the frontal area and the submerged volume, followed by slipping and being swept away, resulting in the loss of self-rescue capability. Since overturning involves a transition from other postures to a sitting position, there is no overturning in the sitting posture, only slipping (Figure 8).



Overturning instability occurs when the overturning torque caused by the drag force   F   exceeds the stabilizing torque provided by gravity. The overturning torque is equal to the product of the drag force   F   and the overturning arm. The overturning arm is the distance from the point of action of the drag force to the ground. The stabilizing torque is the product of the supporting force and the stabilizing arm.


  F ·   L   D   >   W − B     L   w    



(25)




where     L   D     is the arm of drag force   F   and     L   W     is the arm of weight   W  , which can be obtained by simplifying the above equation:


    1   2   ρ   v   2     C   d   A ·   L   D   =   m g −   ρ   f   g   V   P     ·   L   w   =     ρ   s   g   V   T   −   ρ   f   g   V   P     ·   L   w    



(26)







The value of     L   D     is approximately half the water depth; the value of     L   W     is equal to the distance between the ground projection of the body’s center of gravity p and the rearmost point of support o of the body (Figure 1(a1)). For a fixed individual, the stabilizing arm is solely related to the body’s center of gravity and is independent of the water depth, making it a constant value. However, the stabilizing arm varies linearly with changes in the height ratio scale as the individual’s dimensions change. This can be determined for different postures using the center of gravity measurement in modeling software, with the results summarized in Table 6.



Substituting the expressions and coefficients for each force into Equation (26), the followin can be obtained:


    v   2   =   4 g     λ   L   3     V   T   −   λ   L   2     V   p       L   W     λ   L       C   d   A λ ·   L   D     =   4 g       λ   L   3   V   T   −     λ   L   2   V   P     ·   L   W       C   d   A · D    



(27)







By substituting all the coefficients, i.e., expressions, into Equation (27), an expression for the correspondence between flow velocity and water depth for the four attitudes can be derived:


      v   2     s t a n d   =   [   λ   L   3   −   λ   L   2     − 0.4083   D   3   + 1.3508   D   2   − 0.5898 D + 0.1361   ]   9.8083 ( 0.02746   D   6   + 0.04560   D   5   − 0.03999   D   4   + 0.00842   D   3   + 0.05194   D   2   − 0.00499 D )    



(28)






      v   2     k n e e l   =   [   λ   L   3   −   λ   L   2     − 0.8509   D   3   + 1.7159   D   2   − 0.1351 D + 0.1509   ]   1.2686 ( − 1.9018   D   6   + 2.6701   D   5   − 1.1746   D   4   + 0.6383   D   3   − 0.1781   D   2   + 0.0430 D )    



(29)






      v   2     c r o u c h   =   [   λ   L   3   −   λ   L   2     − 1.0164   D   3   + 1.4780   D   2   + 0.5651 D − 0.0816   ]   2.2842 ( − 1.25240   D   6   + 0.99002   D   5   + 0.75324   D   4   − 0.46297   D   3   + 0.14138   D   2   − 0.00783 D )    



(30)







This formula is applicable for calculating human stability in floods within a water depth range of   0.3     λ   L     to   0.8     λ   L     meters, which helps to ensure that the human body is not completely submerged in water.



Topping instability is difficult to occur in the kneeling position because the stabilizing force arm length in the kneeling position is the entire calf plus the length of the foot, and topping is relatively easy to occur in the standing position versus the squatting position (Figure 7b).




5.3. Comparison with Existing Studies


5.3.1. Verification of the Derivation Formula


Since no one has analyzed the possibility of self-rescue after being destabilized in a flood, only the derivation formula for overturning destabilization in the standing condition is currently verified for its approximation to the results of existing studies (Figure 9).



It is evident that, at high water depths, the data from this study align closely with the real-life experimental results conducted by Abt (1989) [19] and Karvonen (2000) [20], Additionally, the impact data curves for children derived through the reduction of the height ratio scale also align well with the experimental results of Yee (2003) [30]. This preliminarily demonstrates the feasibility of the method proposed in this study.




5.3.2. Rational Analysis of Height Scale Scaling


To further validate the reasonableness of the model scale     λ   L     calculations described in the formula, previous experimental studies were referenced to subdivide the capability of resisting water flow impacts based on different heights (  H   in m) and masses (  m   in kg). This approach yielded results for the product (  D · v  ) of water depth (  D   in m) and the tolerable flow velocity (  v   in m/s) under different products (  H · m  ) of height and mass. By modifying     λ   L     in the formula to alter the corresponding body type, the calculated values of   D · v   that the human body can withstand were compared with data from prior studies [43].



The red data points represent the computational results of this study for different scale ratios. It can be observed that at the smaller scale of children in Figure 10, the computational results align well with Foster’s experimental data. At conventional scales [28], such as height and mass product   H · m = 105   a n d   125   (m·kg), the data obtained from the calculations show a high degree of agreement with Abt’s experimental data, sufficient to justify the introduction of     λ   L     as a computational correction method. However, when the human body   H · m > 140  , Abt’s experimental data [19] show a strong dispersion, and the correlation between the body’s ability to resist the impact and the product of height and mass,   H · m  , significantly deteriorates. This may be due to a greater variety of body compositions at higher   H · m   values, such as shorter people with higher mass and well-proportioned, muscular individuals. These two categories might have similar   H · m   values but exhibit significant differences in physical capabilities. However, considering that the study aims to provide early warnings for the danger of flooded roads, data from individuals with larger   H · m   values are generally not utilized as a basis for warning assessments.





5.4. Comprehensive Analysis of Self-Rescue Capabilities


The two curves in Figure 11 delineate three distinct regions within the flooding water flow (Based on the siting slipping shown in Figure 7). The lower curve represents the risk curve for slipping in a seated position, while the upper curve indicates the risk curve for instability in any posture other than sitting (based on the minimum values in the curves shown in Figure 7 for all curves except sitting). Based on the preceding analysis, when an individual falls backward in water, they typically commence the self-rescue process from a seated position. In such a scenario, the water flow conditions in the orange region pose a significant risk. However, given the likelihood of adjusting one’s posture to avoid falling into a seated position during instability in floodwaters, this phase cannot fully represent the risk of falling in all scenarios. To ensure a comprehensive study and consider that in real-life situations people often fall forward, the kneeling posture is regarded as the initial phase of the self-rescue process. This is followed by potential transitions from kneeling to squatting and then to standing. In these instances, individuals who fall forward are unlikely to transition to a seated position for self-rescue. Consequently, using a seated posture to represent the extreme limit of self-rescue in water seems overly conservative.



When people fall forward if the risk of instability in a seated posture is not considered, the probabilities of slipping and capsizing in the other three postures are evaluated. The posture presenting the highest risk is identified as the limit of human self-rescue stability. According to the calculations, in conditions of low water depth and high flow velocity, slipping is most likely to occur first in a kneeling posture. This tendency can be attributed to the fact that at low water depths, the submerged volume and frontal area are the largest in the kneeling posture, with a drag coefficient similar to that of squatting. As the water depth increases, the submerged volume and drag coefficient of the squatting posture also increase, leading to heightened buoyancy. Additionally, the friction coefficient of the soles of shoes is slightly lower than that of common pants, making the squatting posture the riskiest among the three.



Ultimately, as water depth continues to rise, the risk of capsizing in the squatting posture becomes more pronounced. At this stage, instability may result in a transition from squatting to sitting, signifying a significant loss of self-rescue capability. Therefore, the upper-right three segments of the curves in Figure 11 can be interpreted as the limit of self-rescue capability for the typical human body in cases of accidental instability. The red region in the upper-right signifies the “unrecoverable” zone, the orange region between the two lines represents the “self-recoverable zone through posture adjustment”, and the green region in the lower-left is deemed the safe zone.





6. Comments about the Utility of This Research


In the aforementioned section, we presented the anti-instability capabilities of different postures under various flow velocities and water depths. We hope these conclusions can aid individuals affected by flood disasters to determine which posture to adopt to withstand the impact of water currents after destabilization, thereby increasing the chances of successful self-rescue, or to plan and choose the optimal escape routes based on different road risks.



Public knowledge of risk management in flood situations is limited, and the government plays a crucial role in flood management. Beyond monitoring and forecasting, conducting lectures on avoiding disaster and safety self-rescue during floods is also vital; in this respect, the government acts as a bridge between researchers and the public. Additionally, in areas prone to frequent flooding, the government could consider developing and installing flood warning systems along roadways, which could autonomously assess risks and provide warnings to nearby individuals, helping to reduce or avoid the risks posed by floods. Overall, the dissemination of knowledge related to flood disasters and the work of the government should proceed simultaneously, as efforts from only one side are insufficient to perfect and strengthen flood disaster control and management systems.



Mastering the mechanisms and criteria for instability of the human body in various postures during floods is fundamental for linking rainfall and flood monitoring data with pedestrian risk warnings. Only through more rational flood risk assessment standards and the use of advanced flood warning devices can effective guidance be provided to pedestrians to avoid flood risks. Therefore, researching and improving flood disaster risk assessment models is not only a need for academic exploration but is also an indispensable component of practical applications.




7. Conclusions


The calculation of human body stability under flood conditions is an important aspect of urban flood risk assessment. Extensive research indicates that, during floods, drowning incidents are not majorly due to the static phase of the human body in water, as being static in water places one in a more dangerous situation. Only by seeking self-rescue can one possibly survive the risk of flooding. Currently, flood risk assessment relies on the product of depth and velocity (  D · v  ), but this standard is empirical and neglects human body characteristics, which are the main factors affecting human body stability in floods. This paper explores the relationship between main human body parameters, water depth (submersion volume and frontal area) and fixed characteristics (friction coefficient, stability arm), and does this through modeling and studying the main characteristics that affect the calculation results.



The 3-D model introduced in this paper is simplified; however, through the assessment of hydraulics and corresponding coefficients, it determines that the seated slipping posture is the riskiest in the process of self-rescue in water. The study also identifies the riskiness of other unstable postures besides the seated posture, which is based on posture coefficients. The human body in this study is simulated as rigid, and it described by detailed three-dimensional triangular geometry; a total of 24 numerical simulations were then conducted, covering disaster-occurring water depths in floods (0.3–0.8 m) to demonstrate the impact on four different postures under the same flow conditions. The numerical simulation also restores the force situations in different postures. Instability and self-rescue of the human body in water is a complex dynamic process; however, due to research constraints, this paper only decomposes the process into different postures for static simulation study. Subsequent research should involve experiments with models in various postures and costumes to obtain more objective and accurate mechanical data, ultimately providing a basis for water risk early warning.



This paper provides a detailed formulaic expression of the physical process of human instability in water through hydrodynamic concepts, making the judgment of instability in floods physically meaningful. It also offers a new method for assessing the danger to individuals in floods. The research on post-instability self-rescue in floods is based on studies of different flood disaster videos, comparing the preparedness for water flow impact; it is the unexpected instability that is more likely to occur in floods. This research is an example of transitioning the numerical study of human stability in water from static to dynamic, and it also looks forward to more dynamic studies in the future.
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Figure 1. (a–e) The process of human self-rescue in floods (a1) Schematic diagram of the forces on the human body in water. 
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Figure 2. The Relationship between Submerged Volume and Water Depth. 
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Figure 3. Correspondence between headwater area and water depth. 
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Figure 4. Computational mesh around the human body (a) Manikin (b) Virtual topology (c) Computational mesh around the human body. 
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Figure 5. Numerical simulation plots for different attitudes. (a) crouch side view   D = 0.8   m   (b) crouch frontal view   D = 0.8   m   (c) kneel frontal view   D = 0.3   (d) sit side view   D = 0.8   (e) stand frontal view   D = 0.7  . 
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Figure 6. Fitted curves of   C d   variation with water depth. 
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Figure 7. Instability risks in different postures (a) sliding (b) toppling. 
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Figure 8. Schematic diagram of capsizing in water. 
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Figure 9. Relationships between the water depth and corresponding incipient velocity for a model human body at instability of toppling [10,19,20,22,30,31,42]. 
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Figure 10. Comparative graph of   D · v   (m2/s) versus   H · m   (m  ·  kg) for several studies concerning human stability in waterways (modified from Shand et al., 2010) [19,20,21,28,29,30,43]. 
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Figure 11. Instability scenarios under varying water flow conditions. 
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Table 1. Summary of Human Stability Experiments in Existing Floods.






Table 1. Summary of Human Stability Experiments in Existing Floods.















	
	Setup
	Surfaces
	Slope
	Subject Characteristics
	Subject Action
	Failure Mechanism
	H × M





	[19]
	flume
	Concrete, turf, gravel, and steel.
	0.8%

2.9%
	Children
	Standing

walking turning
	loose footing
	62–172



	[20]
	Moving platform through basin
	Steel grating
	0%
	Rescue workers with safety equipment
	Standing

walking
	loose footing
	77–195



	[21]
	flood relief channel
	Concrete
	1%
	Professional stuntman
	Standing

walking
	loose footing
	116



	[28]
	flume
	Painted timber
	0%
	Children
	Standing

walking, turning
	feels unsafe or loses footing
	32–53



	[29]
	Funnelled basin
	Metal load cell
	0%
	Adult
	Standing
	loose footing
	106–133



	[30]
	Flume
	Painted timber
	0%
	Children
	Standing

walking
	feel unsafe

loose footing
	20–32



	[31]
	sidewalks
	Concrete
	2%
	Adult and children
	walking turning
	loose footing
	48–120



	[32]
	flood
	Concrete
	0%
	Adult
	Standing

walking
	loose footing
	129–210







Notes: H-M is the product of height and weight in m·kg.













 





Table 2. Relationship between submerged volume and water depth.
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	Postures
	      R   2      
	Fitting Curve Equations
	





	Stand
	0.994
	     k   s t a n d   = 0.1361 − 0.5898 D + 1.3508   D   2   − 0.4083   D   3     
	(3)



	Kneel
	0.996
	     k   k n e e l   = 0.1509 − 0.1351 D + 1.7159   D   2   − 0.8509   D   3     
	(4)



	Sit
	0.998
	     k   s i t   = − 0.1666 + 2.2768 D − 0.5085   D   2   − 0.6701   D   3     
	(5)



	Crouch
	0.996
	     k   c r o u c h   = − 0.0816 + 0.5651 D + 1.4780   D   2   − 1.0164   D   3     
	(6)







Notes: where   k   is the ratio of submerged volume to total volume, and   D   is the water depth in meters.













 





Table 3. Relationship between frontal area and water depth.
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	Posture
	      R   2      
	Fitting Curve Equations
	





	Stand
	0.999
	     A   s t a n d   = 0.07414   D   2   + 0.15608 D − 0.01554   
	(10)



	Kneel
	0.998
	     A   k n e e l   = 0.33181   D   2   + 0.03422 D − 0.05963   
	(11)



	Sit
	0.990
	     A   s i t   = − 0.71768   D   2   + 1.13173 D − 0.12562   
	(12)



	Crouch
	0.999
	     A   c r o u c h   = 0.25912   D   2   + 0.18787 D − 0.01422   
	(13)










 





Table 4. CFD Boundary Condition Setting.






Table 4. CFD Boundary Condition Setting.





	

	
Simulation Boundary Condition






	
Depth (m)

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8




	
Velocity (m/s)

	
2.97

	
2.49

	
2.16

	
1.90

	
1.70

	
1.52











 





Table 5. Relationship between   C d   and water depth.






Table 5. Relationship between   C d   and water depth.











	Posture
	      R   2      
	Fitting Curve Equations
	





	Stand
	0.947
	     C d   s t a n d   = 0.37037   D   3   − 0.16468   D   2   − 0.11509 D + 0.32131   
	(14)



	Kneel
	0.918
	     C d   k n e e l   = − 5.73148   D   3   + 8.64087   D   2   − 3.40106 D + 0.72176   
	(15)



	sit
	0.950
	     C d   s i t   = − 1.6667   D   3   − 0.94286   D   2   + 2.84952 D − 0.0008   
	(16)



	crouch
	0.970
	     C d   c r o u c h   = − 4.8333   D   3   + 7.325   D   2   − 2.66917 D + 0.5505   
	(17)










 





Table 6. Value of force arm length.






Table 6. Value of force arm length.





	
Arm of Weight (m), Lw

	
Arm of Winding (m), LD






	
stand

	
kneel

	
crouch

	
All poses are identical




	
0.0433

	
0.33478

	
0.1906

	
D/2
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