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Article 
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Abstract: This paper investigates the impact of sediment deposition and inflow conditions on 

horizontal impact pressure and frequency analysis of bridge deck vibrations during flooding. 

Flooding-induced pressure and vibrations contribute to bridge collapse, and sediment deposition 

influences water flow and impact pressure. The study explores the relationship between sediment 

deposition height and impact pressure, revealing a significant increase as sediment approaches 50% 

of bridge deck clearance. Sediment amplifies impact pressure response to flow velocity changes. 

The dimensionless sediment deposition height has a greater influence on impact pressure compared 

to the inflow Froude number. Two distinct frequencies, dominant and secondary, are identified for 

impact pressure and water level fluctuations. Dominant frequencies positively correlate with 

sediment deposition height and Froude number, indicating an increasing trend. Secondary 

frequencies remain stable (0.31-0.58 Hz). These findings enhance understanding of flow dynamics 

and bridge-flow interaction in sediment-deposited channels, providing theoretical support for 

evaluating and managing disasters related to bridges in such environments. Overall, this research 

contributes to the field of bridge engineering and supports improved design and maintenance 

practices for bridges exposed to sediment-deposited channels. 
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1. Introduction 

Bridges are essential components of global transportation networks, serving as vital links that 

connect regions, facilitate trade, and foster socio-economic development. According to statistics, the 

USA has over 600,000 bridges [1], the UK has over 150,000 bridges [2], and China has about 500,000 

road bridges alone [3]. Bridge failure can result in devastating consequences, ranging from loss of 

lives and injuries to disruption of critical transportation nexus, economic losses, and long-term 

societal implications, necessitating a comprehensive understanding of their causes and mechanisms. 

The primary causes of bridge collapse are categorized into internal causes and external factors. The 

former comprises design errors, construction flaws, and lack of maintenance, whereas the latter 

includes floods, earthquakes, and strong winds [4]. Lee et al. (2013) summarized 1062 bridge failures 

during 1980- 2012 in the USA and concludes that floods, accounting for 28.3% of all accidents, are the 

leading cause of bridge failure [5]. Fu et al. (2012) collected 157 bridge collapses from 2000 to 2012 in 

China, addressing 72 failures due to floods [6].  

The failure mechanism of bridge infrastructure in a flood event is complex. Phenomena induced 

or exacerbated by flooding including scour, erosion, river convergence, insufficient embedment 

depth, softened bedrock, sand mining, debris impact, and abrasion on bridge foundations could incur 

the failure [7–9]. In mountainous areas, the geographical terrain poses unique challenges for bridge 

infrastructure due to the occurrence of intense rainfalls and floods, which can trigger a range of 

hazardous events such as slides, debris avalanches, rock falls, and spontaneous instability of steep 

streambeds. These natural phenomena significantly increase the risk of debris flow formation within 

the river channels, exacerbating the potential damage to bridges in the region [10]. For instance, the 
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middle seven spans of the Jinshajiang Bridge (in Sichuan, China) were completely washed away, 

while the beams of the remaining three spans were displaced following the flood peak in 2018 [11]. 

Similarly, the Morandi Bridge (in Liguria, Italy) experienced a catastrophic event in the same year 

when its cable stays ruptured and subsequently led to a collapse during a torrential rainstorm [12]. 

These real-world examples underscore the critical implications of flood-related failures on bridge 

infrastructure in mountainous areas. 

Debris flow, characterized by a downhill movement of water and particles caused by gravity, 

has been extensively studied in river channels. One potential damage stems from the fact that as 

debris flow evolves downstream, its components change, and volume and inertia increase, resulting 

in an exceptionally high impact pressure directly exerted on bridges [13, 14] Investigations have 

revealed that the impact pressure of debris flows is influenced by many factors including front 

velocity, flow depth, bulk density, liquid volume fractions, solid volume fractions, and the interaction 

between debris flows and obstructions [15–18], and both laboratory experiments and in situ tests 

have been conducted to physically explain and quantify the impact pressure of debris flow on bridge 

decks, piers foundation, and abutment [10, 19, 20]. Additionally, numerical simulations have aided 

vulnerability analysis of bridge structures [21], and hybrid models have been utilized to simulate 

both horizontal and vertical forces exerted on bridge decks by debris flow [22]. Another possible 

reason for bridge destruction comes from the accumulation of debris. According to Parola et al. (2000) 

[23], debris collection on bridge piers and superstructures can generate large pressures. Kimura et al. 

(2017) [24] confirmed the increased flow pressure upstream produced by wood debris accumulation 

at bridges and discovered that flow pressure upstream rises with the length of the obstacle. 

Oudenbroek et al. (2018) [25] investigated the influence of debris on bridge hydrodynamic forces and 

discovered that debris is a significant contributor to bridge deck collapse. 

Beyond the above two potentially destructive ways of debris flows with bridges, another 

significant concern lies in the debris buildup around the bridge's riverbed [26]. This buildup restricts 

the flow, causing a clog and subsequently increasing the horizontal pressure of water flow exerted 

on the bridge deck. As a result, following a sudden debris flow event, the ensuing elevation of the 

riverbed and continuous strong water impact could also contribute to bridge destruction. However, 

there remains a dearth of information concerning horizontal impact pressure under various 

conditions of sediment accumulation. Addressing this research gap, our study focused on exploring 

the hydrodynamic characteristics of the bridge deck with sediment deposited in the riverbed 

underneath, while investigating the influence of sediment deposition height and incoming flow 

conditions on the horizontal impact pressure and flow fluctuation frequency of the bridge through a 

channel experiment. 

2. Experimental Set-up 

2.1 Experimental Facility and Instrumentations 

The physical experiment was conducted in a recirculated system with a rectangular glass 

channel with dimensions of 10 m in length, 0.5 m in width, and 0.6 m in height. A 5 m high head tank 

was placed at the front. The pumping water from the head tank passed through a channel equal 

width orifice and a current stabilizer to reach a smooth incoming flow. The current stabilizer 

comprised an array of PVC pipes, each with an inner diameter of 3 centimeters and a length of 1 

meter. A maximum flow rate of 60 L/s could be provided by the water pump set, and a broad range 

of discharge could be precisely controlled by regulating the water valve. A tail weir (overshoot) with 

adjustable height was installed at the rear of the tank to control the water depth in the tank, thus 

achieving different experimental conditions. The flow rate of the model experiment was calibrated 

by a rectangular weir downstream (not shown in Figure 1), with a measurement error of ±1%.  

The model bridge was placed 6.4 m after the inlet and 3.6 m before the tail weir, and the featured 

dimensions are as follows: its length measures 0.5 m, with a thickness of 0.04 m, and a width of 0.12 

m. Three pressure sensors (Test Electron, TST3828E, with a precision of ±0.5%) were installed on the 

upstream face of the bridge deck to measure the horizontal impact pressure. Herein, one sensor is 
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arranged in the middle of the bridge front, and the other two are symmetrically distributed on both 

sides. Pressure sensors were sampled simultaneously for 5 mins with a sampling frequency of 50 Hz. 

Two acoustic displacement meters (ADMs) (Microsonic Mic + 25/IU/TC) were installed 50cm 

upstream of the bridge deck and above the deck respectively to obtain the instantaneous water 

surface elevations. ADMs were sampled simultaneously for 2 mins for each test with a sampling 

frequency of 60 Hz. The flow patterns were documented from a side view near the bridge with a 

Nikon D750 camera and a 28 – 75 mm f/ 4S lens. The schematic diagram of the experimental setup 

and the layout of the upstream face measuring points of the bridge deck are shown in Figure 1.  

 

Figure 1. Schematic diagram of the experimental layout (a); the detailed layout of the experimental 

devices (b); the arrangement of pressure sensors on bridge deck (c). 

2.2 Data Processing 

The horizontal impact pressure samples taken by pressure sensors 1-3 followed a normal 

distribution: 

( )
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f x
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where μ is the average pressure, σ is its standard deviation. The Gaussian curve is fitted by the 

sampled values, from which the mean voltage around the maximum sample count and the standard 

deviation proportional to the curve broadening are documented (shown in Figure 2). This processing 

method ensures the derivation of the mean pressure and fluctuation magnitude is not affected by the 

subjective removal of erroneous points. 
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Figure 2. Measuring pressure count distribution of Sensor 2 (Case 3, hs/hb = 0, Fr = 0.313). 

The flow surface elevations were measured and recorded by ADMs, but potential contamination 

from splashes can lead to erroneous data. To address this issue, a robust outlier cutoff filtering 

approach was utilized to post-process all ADM sample data. Using the median (MED) and Median 

Absolute Deviation (MAD) as robust estimators for both location and variance, these estimators have 

a breakdown point of 50% and are more robust against outliers compared to mean and standard 

deviation [27, 28]. The technique guarantees reasonably stable mean water elevation and fluctuation 

magnitude results. 

2.3 Scaling Issues and Experimental Conditions 

Investigating the typical debris flow that led to the destruction of bridges during the '8.13 debris 

flows' disaster in Sichuan, China, revealed several key features. The maximum flood flow velocity 

reached 5-7 m/s, while sediment in the riverbed accumulated to heights ranging from 2 to 20 m. 

Additionally, the channel widths ranged from 40 to 100 m. [29]. Following a length scale λL = 100, the 

sediment heights were set to range from 0.06 m to 0.11 m, the channel width was fixed at 0.5 m; the 

velocity ratio λv = λL0.5 = 10, and the incoming flow velocity V at set to 0.26 m/s-0.63 m/s.  

Ten experiments divided into 3 groups of different Froude numbers (Fr = V/(gh)0.5) were 

conducted, as shown in Table 1. In each group, the flow discharge Q and incoming flow velocity V 

were kept constant and several maximum sediment deposition heights hs were adjusted. To ensure 

capturing the correct horizontal flow pressure value on the upstream face of the bridge deck, the 

sensors should be completely submerged in the water, thus the height of the bridge for the control 

experiment in each group was adjusted to be compatible with the flow height, viz., the mean water 

elevation aligns with the height of bridge deck on the top. Ordinary sediment was placed in sandbags 

under the bridge and ensured not to be washed away by the incoming flow. 

Table 1. Summary of experimental conditions. 

Case hs (m) Q (m3/s) V (m/s) Fr (-) 

1 0 0.0210 0.26 0.17 

2 0.06    

3 0 0.0339 0.47 0.31 

4 0.06    

5 0.08    

6 0.11    

7 0.17    

8 0.21    

9 0 0.0542 0.63 0.42 

10 0.06    

 

3. Water Flow over the Bridge Deck 

When exploring the impact of sediment accumulation on the characteristics of water flows, the 

discharge and incoming flow velocity were kept constant in the experiments. Figure 3 shows the flow 

conditions in the channel under different sediment deposition heights ranging from 0.06 m to 0.11 m 

when the discharge Q = 0.0339 m3/s, and the incoming flow velocity V = 0.47m/s. It was observed that 

a higher sediment deposition height silts a higher water level, primarily attributed to the gradual 

reduction in flow area with increasing sediment deposition height, accentuating the clogging effect. 
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Figure 3. Water flow conditions (V =0.47m/s) at different sediment deposition heights: control 

experiment (a); hs = 0.06 m (b); hs = 0.08 m (c); hs = 0.11 m (d). 

To further quantify the interaction between sediment deposition and water flow, special 

attention was given to the rising height of the mean water level at the front face of bridge deck, 

denoted as ΔH. A linear correlation was established between the dimensionless sediment deposition 

height (hs/hb) and the dimensionless elevated water surface (ΔH/hb). Figure 4 illustrates this 

relationship, focusing on the specific case of Fr = 0.31. 

/ 0.53 / 0.15b s bH h h hΔ = −  (2) 

 

Figure 4. Relationship between dimensionless sediment deposition height and dimensionless 

elevated water surface. 

When investigating the impact of flow velocity on the characteristics of water flows, the 

sediment deposition height was maintained. The flow conditions near the bridge deck were captured 

in Figure 5, under varying flow velocities of V = 0.26 m/s and V = 0.63 m/s, with sediment deposition 

height hs held at a constant value of 0.06 m. Evidently, as the flow velocity increased, we observed a 

more pronounced rise in the water level. This rise was accompanied by a greater volume of water 

passing through the bridge deck and a larger difference in elevation before and after the bridge. 

Additionally, a heightened level of turbulence on the water surface was noted downstream of the 
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bridge. Figure 6 shows the relationship between Froude number and dimensionless elevated water 

surface ΔH/hb keeping sediment deposition heights hs at 0.06 m. Remarkably, this figure reveals a 

substantial augmentation in the influence of flow velocity as the Froude numbers escalated from 0.31 

to 0.42, in comparison to the case between 0.17 to 0.31. This observation underscores the intensified 

impact of flow velocity on the water surface elevation, indicative of a nonlinear relationship between 

Froude number and water flow dynamics under constant sediment deposition heights. 

 

Figure 5. Water flow conditions with the same maximum sediment deposition height (hs=0.06m) at 

different flow velocities: V = 0.26 m/s (a); V = 0.63 m/s (b). 

 

Figure 6. Relationship between Froude number and dimensionless elevated water surface. 

4. Horizontal Impact Pressure on the Bridge Deck 

Pressure sensors 1- 3 were arranged on the bridge deck facing the upstream flow. To establish a 

baseline reference pressure (denoted as P0), the average pressure measurement (for each sensor) for 

cases without sediment deposition under the bridge was utilized. It is noteworthy that, in general, 

the reference pressure P0 obtained at the middle of the bridge (corresponding to sensor 2) 

demonstrated a 20% - 35% bigger compared to the other two P0 readings obtained at the sides, which 

could be attributed to the wall effect.  

With an increase in sediment accumulation height, there was a discernible rise in the average 

horizontal pressure experienced by the bridge structure. The dimensionless horizontal impact 

pressure P/ P0 and dimensionless sediment deposition height hs/hb present an exponential correlation. 

Figure 7 exhibits the case when Fr = 0.31. It is illustrated in this figure that a minor degree of blockage 

beneath the bridge has a negligible impact on the pressure exerted on the bridge deck. However, as 

blockage increases, the pressure on the bridge deck rises significantly. More specifically in this 

scenario, when approximately one-fourth of the space beneath the bridge deck is filled with 

sediments, there is no significant change in the pressure on the bridge deck. Nonetheless, when half 

of the space is filled, the pressure increases twofold. Subsequently, with the accumulation of another 

one-fourth of sediment, the pressure experiences a substantial increase, surpassing the original 
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pressure by tenfold. These results emphasize the critical importance of timely dredging to maintain 

safe and optimal pressure levels on the bridge deck. The correlation could be described by: 

3.92 /
0/ 0.36 0.64 s bh h

P P e= +  (3) 

 

Figure 7. Relationship between dimensionless sediment deposition height and dimensionless 

horizontal impact pressure at each measuring point. 

Regardless of the presence of sediment deposition, it was evident that the average impact 

pressure values at each measurement point exhibited a consistent increase in response to rising flow 

velocities. When comparing scenarios under the same flow velocity, cases with sediment deposition 

experienced heightened impact pressures, accentuating the effect of sediment on flow dynamics. 

Furthermore, the discrepancies in impact pressures between cases with and without sediment 

deposition became more pronounced as flow velocity increased. To offer a comprehensive 

representation of this relationship, Figure 8 illustrates the correlation between the Froude number 

and the dimensionless impact pressure. The relationship could also be expressed as: 

0/ 2.91 0.67P P Fr= +  (4) 
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Figure 8. Relationship between flow velocity and pressure at each measuring point with and without 

sediment deposition. 

When examining the combined influence of both sediment deposition height and flow condition 

on the horizontal impact pressure exerted on the bridge deck, a linear regression analysis of the 

experimental data was conducted. As a result, it yields the following equation: 

0/ 5.34 / 2.85 0.76s bP P h h Fr= + −  (5) 

In our experiments, the dimensionless sediment deposition height of hs/hb ranged from 0.261 to 

0.478, while the Froude number Fr ranged from 0.17 to 0.42. The coefficients of these two parameters 

are positive, reflecting a similar growth relationship. Furthermore, the dimensionless sediment 

deposition height coefficient is greater than that of Froude numbers, indicating that sediment 

accumulation height has a more significant impact on horizontal impact pressure. It is recommended 

to pay more attention to sediment deposition near bridges in flood risk management and bridge 

safety risk management. Timely dredging should be carried out in daily management, and 

corresponding engineering measures can be adopted to reduce the entry of solid material sources 

into the river and alleviate sediment accumulation, thereby reducing the risk of bridge collapse due 

to flood impact. 

5. Characteristic Fluctuation Frequency 

Vibration has also been identified as a prominent factor contributing to bridge destruction [21, 

30]. The induced vibration is likely to initiate structural cracks within the bridge, leading to a decrease 

in its critical threshold and an augmented susceptibility to potential damage. Thus, the characteristic 

frequencies of the horizontal impact pressure and water level fluctuations were investigated in this 

study.  

The water flow fluctuation characteristics were obtained by performing a Fast Fourier Transform 

(FFT) on the pressure signals and water level signals collected under various experimental conditions. 

For instance, Subtracting the average pressure from the instantaneous pressure sampled by the 

pressure sensor, fluctuation pressure P’ was obtained. Figure 11(a) shows the time-domain diagram 

of fluctuation pressure for case 3. Then an FFT transformation on the data was performed, and the 

frequency-domain diagram of fluctuation pressure was obtained in Figure 11(b). Smoothing the gray 

curve with a window width of 100 yields the dominant frequency fdom and secondary frequency fsec of 

fluctuation pressure, with fdom = 2.16 Hz and fsec = 0.51 Hz. Applying the same analytical procedure to 

the pressure signals collected in other experiments, the dominant and secondary frequencies 

corresponding to each condition were obtained. Figure 12 (a) shows the comparison of the dominant 
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and secondary frequencies of fluctuation pressure under different sediment deposition heights for 

various Froude numbers. It can be found that the dominant fluctuation pressure increases with the 

increase of both the dimensionless sediment deposition height and Froude number, while the 

secondary fluctuation frequency is basically distributed between 0.39 - 0.58 Hz with a small variation.  

 

Figure 11. Time domain (a) and frequency domain (b) diagram of fluctuation pressure (Case 3, hs/hb = 

0, Fr = 0.31). 

 

Figure 12. Dominant and secondary frequency of fluctuation pressure at bridge deck (a); upstream 

fluctuation water level (b). 

Similarly, the upstream fluctuated water levels, monitored by the Acoustic Doppler Method 

(ADM), were subjected to data processing to ascertain their dominant and secondary fluctuation 

frequencies, as demonstrated in Figure 13(b). It can be seen from the figure that the dominant 

frequency of water level fluctuation is slightly smaller than that of pulsating pressure, and it presents 

a similar trend to fluctuation pressure, viz. increasing with the increase of both the dimensionless 

sediment deposition height and Froude number. The secondary frequency of fluctuation water level 

is also relatively stable, basically distributed between 0.31- 0.55 Hz. 

The elevated water impact frequency and heightened flow turbulence may expedite the onset of 

structural issues such as cracks, corrosion, and material fatigue, ultimately compromising the bridge's 

strength and longevity. Concurrently, the increased water impact frequency places greater loads on 

the bridge deck, potentially overloading components and increasing the risk of structural damage. 

Furthermore, these conditions can induce vibrations that may lead to resonance phenomena, further 
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augmenting the potential for structural harm. Therefore, especially for bridges in mountainous areas 

prone to flooding, the design should take these results into account. 

6. Conclusions 

In this study, we examined the effects of impact pressure and flow conditions on sediment 

accumulation under a bridge during flash floods. By testing varying sediment deposition heights and 

inflow conditions, we sought to unravel the intricate interplay between these factors and their 

consequences on horizontal pressure and flow fluctuations on the bridge deck. Based on our findings, 

the following conclusions can be drawn: 

Firstly, we observed a direct correlation between the increase in sediment deposition height and 

several significant changes: elevated inflow levels, enlarged differences in water surface elevation 

between the bridge's front and downstream, and heightened turbulence after the bridge. These 

observed phenomena can be attributed to the gradual reduction in flow area due to sediment 

accumulation, leading to a more pronounced water-blocking effect by the sediment body and a climb 

over the bridge deck for the excessive water. Notably, we established an exponential correlation 

between dimensionless horizontal impact pressure and dimensionless sediment deposition height. 

As sediment accumulation height approached 50% of the bridge deck clearance height, the impact 

pressure surged to approximately 3 times the pressure observed in the absence of sediment 

accumulation. 

Secondly, under similar sediment accumulation volumes, higher inflow velocities resulted in a 

more significant water-blocking effect and increased horizontal impact pressure. Compared to 

conditions prior to sediment accumulation, the magnitude of the horizontal impact pressure 

increment after sediment accumulation was found to be directly proportional to the flow velocity. 

Thirdly, through linear regression analysis of the experimental data, we determined that the 

relative sediment deposition height had a more substantial influence on the horizontal impact 

pressure compared to the Froude number within the range of our experiments. We recommend 

implementing measures to mitigate sediment accumulation, as this would subsequently reduce the 

risk of bridge collapse during flood events. 

Lastly, by conducting a Fast Fourier Transform (FFT) analysis on the pressure and water level 

signals, we identified two characteristic frequencies for both the horizontal impact pressure 

fluctuation and the bridge deck water level fluctuation: the dominant and secondary frequencies. The 

dominant frequency of both signals exhibited a positive correlation with the relative sediment 

accumulation height and the Froude number. Meanwhile, the secondary frequencies remained 

relatively stable, ranging from 0.31 to 0.58 Hz. 

These research findings provide valuable insights into the influence of flash floods on bridge 

deck impact pressure under sediment accumulation conditions. They contribute to a better 

understanding of flow dynamics in channels with sediment accumulation and the interaction 

between flow and bridge structures. Furthermore, these findings offer theoretical support for 

engineering disaster assessment and mitigation strategies. 
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