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Flash floods cause damage to engineering structures and buildings mainly due to their huge impact force. Scientific investigation of the impact process of flash floods has significant theoretical and engineering implications in ensuring the safety of flood-resistant structures and human life. In this experimental study, the impact pressure and flow velocity in the flow field were measured synchronously using the impact detection system and a particle image velocimetry system in a water channel and the effects of the turbulence structure on the impact process of flash flood were investigated. As shown by the experimental measurements, the large-scale coherent structure in the flow field reached six times the boundary layer thickness. The turbulence and impact force energy spectra were very similar in the low-frequency, large-scale wave band, indicating that the large-scale turbulence structure dominated the impact process. Both the mean and maximum impact pressures increased with the turbulence kinetic energy. An equation for impact force characterization that considers the effects of turbulence and thus was more accurate was given, providing a theoretical basis for the protection of engineering structures from the damage by flash floods.
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INTRODUCTION
Because of the complex natural environment, the frequency, intensity, and range of influence of disasters in the word have increased. These disasters include landslides, debris flows, flash floods and so on (Cui, 1999; Yang et al., 2015; Lei et al., 2018; Liu et al., 2022; Qiu et al., 2022; Wang et al., 2022). In the mountainous regions, the flash flood disasters are attracting a great deal of attention throughout the world (Zhang et al., 2019; Bazai et al., 2022). Flash floods are characterized by sporadic events, high flow velocity, strong transport capacity, with wide impacts and great destructive potential (Yang et al., 2015). Mountains account for approximately more than two thirds of China’s territory, with rapid economic development and increasing anthropogenic activities, the occurrence of flash floods is rising in these areas. The flash floods have caused severe damage to railway bridges, buildings, and other engineering structures in these areas. For example, the Sichuan-Tibet Railway, the Sichuan-Tibet Road, the China-Pakistan Economic Corridor, and other major engineering projects have been impacted by flash flood disasters at different degrees.
Flash flood disaster is also a common problem facing the world’s countries and has received extensive attention from researchers (Yanmaz and Altinbilek, 1991; Kobayashi et al., 1988; Cui, 1999; Veerappadevaru et al., 2012; Lei et al., 2018). Field experiments, flume experiments and numerical methods have been carried out to detect the impact force of flash flood (Zanuttigh and Lamberti, 2006; Hu et al., 2011; Cui et al., 2015). At the macroscopic level, previous studies focused on the physical, destructive, and spatiotemporal characteristics, cause of formation, and early warning of flash flood disasters, providing scientific guidance on disaster prevention and mitigation.
On the other hand, there are many opportunities to observe turbulent flows in our surroundings, such as the flash flood or debris flow, or a strong wind. An important characteristic of turbulence is its ability to transport and mix fluid more effectively than a laminae flow, which were first demonstrated by the famous Reynolds’ experiment by Osborne Reynolds (Reynolds, 1883). Since then, more and more researchers began to study the physical mechanism of turbulence aimed to developing tractable mathematical models that can accurately predict properties of turbulent flows, such as energy cascade and Kolmogorov hypotheses (Richardson, 1922; Kolmogorov, 1941). Moreover, an important focus of research on turbulence was inspired by the observation of coherent structures in turbulent boundary layers (Theodorsen, 1952; Kline et al., 1967; Townsend, 1976). Smits et al. (2011) identify four principal characteristic elements of turbulent structure: near-wall streaks, hairpin or horseshoe vortices, large-scale motions (LSMs) and very-large-scale motions (LSMs) (Theodorsen 1952; Kline et al., 1967; Kim and Adrian 1999; Wang and Zheng, 2016; Gu et al., 2019; Wang et al., 2020). Notably, the coherent structures have been evidenced in wall-bounded flows and demonstrated to play a crucial role in the turbulent kinetic energy (TKE), the momentum flux and the mass transport process (Baas and Sherman, 2005; Balakumar and Adrian, 2007; Dupont et al., 2013; Zheng et al., 2013; Wang et al., 2017). The studies on the coherent structures give an in-depth understanding of the flow phenomena and physical mechanisms in wall-bounded flows. Moreover, studies on large-scale turbulence structures have provided new approaches and perspectives to the examination of the impact process of flash floods.
However, the following aspects of the impart process of flash floods have remained unclear. The effects of the coherent turbulent structures on the impact process (whether the impact force is directly correlated with the coherent turbulent structure, and the quantitative effects of the turbulence characteristics on the impact force). In this experimental study, the turbulence characteristics of flash flood and the inherent physical mechanisms of the impact force were investigated, and an equational characterization of the impact force that considered the turbulence characteristics was established, with the aim of providing theoretical criteria for disaster prevention and mitigation engineering.
EXPERIMENTAL SETUP AND DATA PREPROCESSING
Experimental setup
The experimental setup consisted of a water channel measuring 4 m (length) × 0.2 m (width) × 0.4 m (height), its slope was set to 7° or 13° (a schematic diagram of the flume is shown in Figure 1). A material supply tank with a maximum volume of 1.3 m3 was configured on top of the channel. A valve was configured at the water inlet to control the depth of flow in the channel. The flow velocity at the middle section of the channel (2 m from the water inlet) was measured using particle image velocimetry (PIV). Impact pressure sensors were configured at the end of the PIV measurement section to avoid interfering with the flow field, thereby enabling synchronous measurement of the flow field and impact force.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental setup.
Turbulence intensity (TI) describes the rate at which the flow velocity varies with time and reflects the relative intensity of the velocity fluctuation. Turbulence intensity is defined as the ratio of the standard deviation of flow velocity (root mean square of fluctuating velocity) to the mean velocity (U). During the experiment, the turbulence intensity was varied by using grilles of two different grille blocking rate (30% and 50%) (just as show in Figure 2).
[image: Figure 2]FIGURE 2 | Experiment setups: (A) the flume; (B) PIV measurement; (C) grilles; (D) impact force sensor.
Two major parameters of the impact process of flash flood, flow velocity and impact force in the flow field, were measured using a high-speed PIV system and impact force sensors, respectively. The PIV system was used to record the flow morphology of flash floods and analyze their flow characteristics such as flow velocity, depth of flow, turbulence intensity, and the scale of coherent turbulent structure. The PIV system mainly consisted with: CCD, laser emitter, synchronizerand a computer. The glass spheres with a medium diameter of 10 μm and a density of 1.05 gcm−3 were used as tracer particles during our experiment. The impact force sensor was of piezoresistive type and had a measurement range of 0–200 kPa. The diameter of the sensor was 20 mm and the precision of sensor was 0.02%. The data collection system had a sampling frequency of 1,000 Hz in this study. Four sensors were installed at four different heights (1.5, 4.5, 7.5, and 10.5 cm) from the bottom of the water channel and were referred to as sensors #1–#4, respectively (just as show in Figure 1). The impact force sensors were connected to the data collection system, which was then connected to the computer. Prior to the start of the experiment, the computer times of the PIV system and the impact force measurement system were synchronized, thereby realizing synchronized measurement of the flow field and impact force.
A total of 18 experiments were performed. Table 1 shows the major parameters for each of the experiments. Each experiment was repeated three times to minimize experimental error. The mean velocity with the flume slope of 7° (for all 9 Set experiments) was calculated at 4.67 m/s and the corresponding standard deviation was 0.15 m/s. When the flume slope of 13°, the mean velocity was calculated at 4.89 m/s and the corresponding standard deviation was 0.10 m/s, which is litter bigger than the velocity with the flume slope of 7°.
TABLE 1 | List of work conditions and main parameters of the measurement.
[image: Table 1]Data preprocessing
The black line in Figure 3 shows the original impact pressure signal fluctuations obtained from experiment s1-2 (h = 4.5 cm). The maximum impact pressure was 11.80 kPa. The blue line in this figure shows the streamwise velocity fluctuations from PIV measurement. From Figure 3, the streamwise velocity (blue line) has an obviously decreasing trend during this time period (as shown by the red rectangle in Figure 3). The envelopes defined by the local maxima and local minima of impact pressure (black line) also have a decreasing trend although it is not obviously. This phenomenon may be caused by the pressure signal fluctuations cannot respond as quickly as the velocity signal fluctuations. In general, from a comparison with the streamwise velocity fluctuations of the flow obtained by the PIV system, the impact pressure signal fluctuations were correlated with the streamwise velocity fluctuation.
[image: Figure 3]FIGURE 3 | The streamwise velocity fluctuations from PIV measurement (blue line) and the impact force signal fluctuations from pressure sensor (black line) at 0.45 cm of s1-2.
The subsequent analyses mainly focused on the mechanisms underlying the effects of the turbulence structure on the impact force. Such analyses require stable data. However, the streamwise velocity and impact pressure signals obtained from the experiments showed an evidently decreasing trend which were not suitable for our analyses. Therefore, to facilitate subsequent spectral analysis, some specific selection and pretreatment should be performed on the flow velocity fluctuation and impact pressure signals. Figure 4 shows an illustration of the treatment process (the streamwise velocity fluctuations at 0.45 cm of s1-2 for example). First, the impact pressure signals and velocity fluctuation were divided into 4-s segments (as shown by the red rectangle in Figure 3). Then, each segment of velocity fluctuation and impact force signal fluctuations was subjected to linear fitting, thereby obtaining the linearly fit trend of each segment of data (as shown by the red solid line in Figure 4). Finally, the trend component of the signals was subtracted from the original raw data, thereby obtaining the de-trended fluctuations in the impact pressure and velocity, the grey line in Figure 4.
[image: Figure 4]FIGURE 4 | The de-trending process, the black line is the raw streamwise velocity fluctuations at 0.45 cm of s1-2, the red line is the linearly fit trend signal and the grey line is the de-trended signal.
THE EFFECTS OF THE COHERENT TURBULENT STRUCTURES ON THE IMPACT PROCESS
Experimental and numerical studies have shown that a turbulence structure induces continuous losses in the streamwise velocity, resulting in the streamwise velocity in the structural space being lower than the mean horizontal convection velocity. For example, Hutchins and Marusic (2007) used streamwise velocity contours to represent turbulence structures and found the existence of a meandering morphology of the large-scale structure. Different from the method of Hutchins and Marusic (2007) of using the horizontal contours of streamwise velocity for flow visualization (x-y plane), the vertical contours of streamwise velocity were used for flow visualization in this experimental study. In this way, the vertical scale variations and streamwise motions of the large-scale turbulence structure were revealed in a more straightforward manner (x-z plane). The temporal scale of the flow was converted to the streamwise length according to Taylor’s frozen turbulence hypothesis. Figure 5 shows the streamwise velocity contours obtained from experiment of s1-2, where the blue areas indicate velocity losses. From the velocity losses shown in Figure 5, there existed turbulent motions with a large streamwise length (approximately 0.23 m) in the flow field. The scale reached three times the thickness of the boundary layer (approximately 0.07 m, just as show in Table 1) and exhibited a trend of increasing with the height, which is consistent with previous studies.
[image: Figure 5]FIGURE 5 | The contours of the streamwise velocity fluctuations of s1-2.
From the streamwise velocity contours in Figure 5, we have confirmed the existence of large-scale turbulence structure in our experiment. We will analyse whether the impact force is directly correlated with the coherent turbulent structure. To clarify that the time scales and energy fractions between the streamwise velocity and the impart force, we obtained their normalized energy spectra using the wavelet transform method (Baas, 2006; Tang et al., 2013; Zheng et al., 2013; Gu et al., 2019). We used the basis functions of the Daubechies wavelet in this study. In order to reveal the relation between the flow filed and the impart force, the normalized energy spectra of the streamwise velocity u and the impart force p measured at 0.45 cm of s1-2 are compared in Figure 6A. Figure 6A clearly shows that the energy-containing turbulence structure in the flow field obtained from this experiment had a frequency of 10 Hz. As the mean flow velocity was 4.7 m/s for experiment of s1-2, the spatial scale of the large-scale structure was 0.47 m based on Taylor’s frozen turbulence hypothesis, which was equal to six times the boundary layer thickness (approximately 0.07 m). In addition, the impact pressure spectrum not only exhibited a distribution pattern similar to that of the flow velocity spectrum but also peaked at 10 Hz, indicating that the impact force fluctuation is actually a manifestation of and is highly consistent with the flow field fluctuation.
[image: Figure 6]FIGURE 6 | (A) The normalized energy spectra of the streamwise velocity u and the impart force p measured at 0.45 cm of s1-2. (B) The co-spectra for the streamwise velocity perturbations u and impart force p measured at 0.45 cm of s1-2.
To identify the frequency (scale) at which the flow field fluctuation is more significantly correlated with the impact pressure, a cross-spectral analysis of the flow velocity and impact pressure was performed (Figure 6B). As discussed above, the recurrent large-scale structure have a character frequency of 1–10 Hz and have a substantial contribution to the impart force as shown in Figure 6B. This also indicates that the large-scale coherent structure dominated the impact process.
THE QUANTITATIVE EFFECTS OF THE TURBULENCE CHARACTERISTICS ON THE IMPACT FORCE
The addition of a grille (with a perforation ratio of 30% or 50%) can change the turbulence intensity in the flow field, but not change the mean velocity at the same experiment condition. Figure 7A shows the variations in the impact pressure (maximum and mean impact pressures) with the flow velocity obtained from the experiments. The mean flow velocities under several sets of experimental conditions were all approximately 4.6 m/s, and the correlation between the impact pressure (maximum and mean impact pressures) and the mean flow velocity was nonsignificant. Figure 7B shows the variations in the impact pressure (maximum and mean impact pressures) with the normalized turbulence intensity. Both the maximum and mean impact pressures increased with the turbulence intensity. Therefore, turbulence intensity-induced impact pressure variations are nonnegligible to the investigation of impact pressure.
[image: Figure 7]FIGURE 7 | (A) Variations in the mean impact pressure and max impact pressure with the streamwise velocity; (B) Variations in the mean impact pressure and max impact pressure with the normalized turbulent intensity.
For the impact process of flash flood, the impact pressure of the liquid-phase slurry can be calculated using Eq. 1:
[image: image]
The coefficient [image: image] can be approximated to be 0.5 according to the equation for the dynamic pressure of fluids given in fluid mechanics: [image: image]. As shown by the variations in [image: image] with the normalized turbulent kinetic energy (TKE) in Figure 8, coefficient α of the impact force characterization equation obtained from the experimental measurements was approximately 0.5 at low turbulence intensities but increased to approximately 0.6 at high turbulence intensities. Thus, the impact force characterization equation that considers turbulence fluctuation can be expressed as: [image: image], which can be simplified as:
[image: image]
[image: Figure 8]FIGURE 8 | Variations in the [image: image] with the normalized turbulent kinetic energy (TKE).
The coefficient [image: image] can be improved as [image: image]. Considering that the normalized turbulence intensity obtained from the experiments in the range of 0.001–0.004, α* is almost not affected by turbulence fluctuation. However, coefficient α* obtained from the experiments reached a maximum of 0.6, representing an increase of approximately 20%.
Based on the spectral and cross-spectral analyses of the large-scale turbulence structure and impact pressure in the flow field, the cause of this phenomenon possibly lies in the large-scale structure. The meandering large-scale structure controlled the transport of kinetic energy and momentum. On the other hand, the inclination angle of the large-scale turbulence structure, which is believed to be a pathway for mass and momentum transport (Cheng et al., 2011; Dupont et al., 2013). The phenomenon of large-scale structures inclined at a shallow angle away from the wall is originally studied by Kovasznay et al. (1970). Studies also have found that the inclination angle decreases near linearly with the streamwise velocity gradient (Liu et al., 2017). Thus, the inclination angle of the large-scale turbulence structure is smaller at high turbulence intensities than low turbulence intensities in our experiment. This possibly resulted in the local maximum impact pressure being larger than the dynamic pressure of the fluid, thereby causing the phenomenon found in this experimental study.
CONCLUSION
This study conducts the synchronous measurements on the impact pressure and flow velocity in the flow field, aims to reveal the relation between the flow filed and the impart force of flash floods. Analysis on the measured data show that:
1) The existence of large-scale turbulence structure in flash flood from the streamwise velocity contours and the large-scale coherent structure in the flow field can reach up to six times the boundary layer thickness. Moreover, the turbulence and impact force energy spectra were very similar, indicating that the large-scale turbulence structure dominated the impact process.
2) The correlation between the impact pressure (maximum and mean impact pressures) and the mean flow velocity was nonsignificant. But the mean and maximum impact pressures increased with the turbulence kinetic energy. The cause of this phenomenon possibly lies in the large-scale structure. Therefore, the turbulence effect must be considered when assessing the vulnerability of a group of buildings. An equation for impact force characterization that considers the effects of turbulence and thus was more accurate was also given, providing a theoretical basis for the protection of engineering structures from the damage by flash floods.
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