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Abstract

Erosion, transport, and deposition of a river-bed has attracted attentions from various disciplines. To understand those issues,

bed shear stress should be evaluated first. However, calculating bed shear stress with existing formulas have certain limitations

because uniform and/or gradually-varied flow was assumed in their studies, which is hardly found in an actual river. Therefore,

direct applying them into three-dimensional complex flow field, such as flow around a bridge obstruction or a large-rock, is

questionable. Thus, laboratory experiment was conducted in a flume and the results were used to suggest a method of bed

shear stress estimation in the complex flow field. To generate the complex flow field, three different width of obstruction was

constructed and installed in one side of the flume. Water depth, velocities, and turbulence intensities were measured, and the

measurements were used as input variables of four different widely used existing shear stress formulas for their evaluation. Then,

the effects of local turbulence on the shear stress were discussed in terms of Reynolds stress and turbulent kinetic energy (TKE)

measured under a wide range of flow variables. Based on the findings, bed shear stress can be estimated with an empirical

correction factor for the local turbulence around the obstruction where elevated region of bed shear stress is found, and the

experimental result shows that the correction factor is function of the value of flow contraction ratio. The results are expected

to be a useful outcome to understand the mechanism of geomorphological change under rapidly-varied non-uniform flow.
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Abstract 20 

Erosion, transport, and deposition of a river-bed has attracted attentions from various disciplines. 21 

To understand those issues, bed shear stress should be evaluated first. However, calculating bed 22 

shear stress with existing formulas have certain limitations because uniform and/or gradually-23 

varied flow was assumed in their studies, which is hardly found in an actual river. Therefore, 24 

direct applying them into three-dimensional complex flow field, such as flow around a bridge 25 

obstruction or a large-rock, is questionable. Thus, laboratory experiment was conducted in a 26 

flume and the results were used to suggest a method of bed shear stress estimation in the 27 

complex flow field. To generate the complex flow field, three different width of obstruction was 28 

constructed and installed in one side of the flume. Water depth, velocities, and turbulence 29 

intensities were measured, and the measurements were used as input variables of four different 30 

widely used existing shear stress formulas for their evaluation. Then, the effects of local 31 

turbulence on the shear stress were discussed in terms of Reynolds stress and turbulent kinetic 32 

energy (TKE) measured under a wide range of flow variables. Based on the findings, bed shear 33 

stress can be estimated with an empirical correction factor for the local turbulence around the 34 

obstruction where elevated region of bed shear stress is found, and the experimental result shows 35 

that the correction factor is function of the value of flow contraction ratio. The results are 36 

expected to be a useful outcome to understand the mechanism of geomorphological change 37 

under rapidly-varied non-uniform flow.  38 

1 Introduction 39 

1.1 Background 40 

To understand the mechanisms of bed material’s movement in a river including erosion, 41 

transport, and deposition (Landers & Sturm, 2013), hydrodynamic drag forces induced by 42 

flowing water, also called shear stress, should be compared with the 43 

geotechnical/gravitational/interparticle electrochemical resistance, which is critical shear stress, 44 

of the materials (Buscombe & Conley, 2012; Choo et al., 2020; Shvidchenko et al., 2001). In 45 

addition to the force by those natural phenomena in one-dimensional flow, flow obstructions by 46 

a large rock or human-made infrastructure generate additional macro-turbulence around the 47 

obstructions, causing higher shear stress locally and making the problem of sedimentation more 48 

difficult to understand. The higher shear stress lead to change of bed-morphology and, 49 

sometimes, failure of hydraulic infrastructure by scouring of their foundation. Furthermore, 50 

understanding within the recirculation region behind the structure with respect to the magnitude 51 

of shear stress is also important because the sediment deposition within the region can encourage 52 

vegetation growth (Etminan et al., 2018), providing further stabilization of the banks as well as 53 

habitat for fish and other aquatic species (Bouteiller & Venditti, 2015; Yang et al., 2015). 54 

Accordingly, bed shear stress has been used intensively to analyze drag force related to the bed 55 

roughness as in bed-load transport (Cheng et al., 2004; Einstein, 1942; Parker & Klingeman, 56 

1982; Monsalve & Yager 2017; Mueller et al., 2005; Shield, 1936), deposition, bedform and 57 

channel change (Monteith & Pender 2005; Sukhodolov, 2012; Wilcock, 1996,) as well as 58 

sediment transport around natural and/or man-made infrastructure (Hong & Abid, 2019; Hong & 59 

Lee, 2018; Hong et al., 2015; Jeon et al., 2018; Kang et al., 2016; Lee & Hong, 2019; Petit, 60 

1987). In addition to the shear stress related to the bed roughness, for flow through compound 61 

shape of open channel, including interface between floodplain flow and main-channel flow as 62 

wetted perimeter for the calculation of total discharge has also been discussed by several 63 
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researchers (Knight & Demetrio, 1983; Myers, 1978; Myers & Lyness, 1997; Shiono & Knight, 64 

1991; Wormleaton & Hadjipanos, 1985) because the effect of shear stress between the faster 65 

moving main-channel flow and the floodplain flow result in smaller value of total discharge than 66 

the value by simply adding the discharges of the main channel and flood-plains. As explained in 67 

the studies conducted by several other researchers, the topic of shear stress has been studied in 68 

various disciplines to understand the underpinning mechanisms of their own physical process, 69 

but still remaining challenging problems is “How to calculate shear stress more accurately?”. 70 

Prediction of shear stress has been focused in various ways, but there are two major 71 

limitations. One of the limitations is that there are only a few studies regarding rapidly-varied 72 

and/or non-uniform flow which is common flow types in the field that can causes rapid change 73 

of river bed during extreme hydrologic conditions under current climate change. Most of existing 74 

studies for shear stress have been conducted under a gradually-varied flow and/or uniform flow 75 

(Cardoso et al., 1991; Kironoto & Graf, 1995; Nezu & Nakagawa, 1993; Nezu et al., 1997; Tu & 76 

Graf, 1993; Song & Chiew, 2001; Yang, 2005). Another limitation of many of current shear 77 

stress formulas is that they used one-dimensional turbulence measurements as input values, such 78 

as measured by using Prantl-Pitot tubes and shear plate (Ahmed & Rajaratnam, 1998; Rankin & 79 

Hires, 2000; Shamloo et al., 2001). Therefore, characteristic of three-dimensional turbulent on 80 

shear stress could not be represented correctly with those measurements’ devices. More recently, 81 

several research attempts including Biron et al. (2004), Duan (2009), Johnson and Cowen (2017) 82 

and Sime et al. (2007) were made to estimate shear stress using flow variables measured by more 83 

precise measuring devices, but only relative amount of shear stress, not absolute value, was 84 

calculated by using current formulas and compared with the bed contours in their experiment.   85 

Thus, in this study, to overcome the limitations explained above, experiments were 86 

carried out with an artificial shape of obstruction structure in the laboratory for the purpose of 87 

analyzing shear stress in the complex flow which can be easily found in a field. Three different 88 

size of artificial structure were built in the flume to find the effect of local turbulent structure 89 

through the flow contraction caused by reduced flow area on the shear stress. With the measured 90 

hydraulic variables including velocities, water depths, and turbulent quantities, shear stress is 91 

estimated with using various existing shear stress formulas in the approach and the test section 92 

where the structure was installed. With the findings, parametric coefficient is suggested for the 93 

calculation of bed shear stress which account for the local turbulence effect around the different 94 

size of the obstruction where elevated value of shear stress was found. Furthermore, 95 

characteristics of bed shear stress in the approach and the rapidly-varied flow area are 96 

quantitatively explained. 97 

1.2 Bed shear stress equation 98 

Usually, bed shear stress formula can be categorized by required data set for the calculation: 1) 99 

water depth, 2) shear velocity, 3) Reynolds stress, and 4) turbulent kinetic energy (TKE). Based 100 

on the data set, corresponding four widely used bed shear stress equations were selected in this 101 

study and used for comparing results of estimated bed shear stress. Detailed descriptions of 102 

selected equations are explained below.  103 

1.2.1 Shear stress equation using water depth 104 

Bed shear stress equation using water depth is the most basic/simple and, thus, can be found in 105 

many fundamental fluid mechanics and open channel textbook (e.g., Chow, 1959; Sturm, 2010). 106 
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In steady and uniform flow, the shear stress equation using water depth can be derived by force 107 

balance as follows, 108 

 109 

𝜏𝑏 = 𝛾𝑅𝑆0 Eq. (1) 

 110 

where, 𝜏𝑏: bed shear stress, 𝛾: specific weight, 𝑅: hydraulic radius, and 𝑆0: bed slope. Eq. (1) is 111 

simple and widely used to calculate bed shear stress by engineering and geology communities 112 

because hydraulic radius, which is function of water depth and shape of cross-section, is only 113 

required variable when the bed slope is given. However, too much simplified assumption, such 114 

as steady-uniform flow, results in larger bed shear stress than the actual value because they 115 

ignored the effect of friction with respect to the different bed materials (Nezu & Nakagawa, 116 

1993). Furthermore, the method is not suitable for local and small-scale evaluation such as for 117 

around a large rock and a bridge (Biron et al., 2004).  118 

1.2.2 Shear stress equation using shear velocity 119 

Shear stress can also be estimated by using shear velocity. Based on the mixing length theory of 120 

Prandtl (1875-1973), velocity fluctuation can be described with the velocity gradient and a 121 

specific length scale (mixing length) which is direct proportion with the von Karman’s constant 122 

(𝜅 = 0.4 in the gradually − varied flow) and distance from the bed. By the concept, Ligrani 123 

and Moffat (1986) suggested following equation that can be used to estimate shear velocity.  124 

 125 

                                       
𝑢(𝑧)

𝑢∗
=

1

𝜅
ln (

𝑧+𝑧0

𝑘𝑠
) + 𝐵𝑅 Eq. (2) 

 126 

where, 𝑢: point velocity in flow direction, 𝑧: distance from the bed, 𝑢∗: shear velocity, 𝜅: von 127 

Karman’s constant, 𝑧0: displacement height, 𝜅𝑠: grain roughness element, and 𝐵𝑅: constant value 128 

by roughness-geometry characteristics that vary with roughness Reynolds number. Therefore, 129 

when the data for vertical velocity profile and grain roughness element are available, shear 130 

velocity can be calculated, and the bed shear stress is estimated by using following formula. 131 

 132 

                           𝜏𝑏 = 𝜌(𝑢∗)
2 = 𝜌(

𝑢(𝑧)
1

𝜅
ln(

𝑧+𝑧0
𝑘𝑠

)+𝐵𝑅
)

2

  
Eq. (3) 

 133 

where, 𝜌: water density. Eq. (3) is also simple and widely used for the calculation of bed shear 134 

stress because they only required vertical velocity profile and bed material’s information. 135 

However, representative feature of Eq. (3) is that Eq. (3) can only be adaptable when the 136 

measured vertical velocity profile follows logarithmic function that may not actually occur in 137 

highly non-uniform and unsteady flow. Furthermore, as the vertical velocity profile is sensitively 138 

affected by the bed roughness, the results from Eq. (3) shows also larger value than the actual 139 

shear stress in coarse bed materials (Biron et al., 2004; Rowinski et al., 2005; Smart, 1999).  140 
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1.2.3 Shear stress equation using Reynolds stress 141 

Reynolds stress is considered as one of the most important findings in turbulent flow and can be 142 

obtained from averaging of Navier-Stokes equation for incompressible flow (Kundu et al., 2015). 143 

As shown in Eq. (4), the equation includes three stress components that are mean pressure stress, 144 

mean viscous stress, and Reynolds stress, 145 

 146 

𝜕𝑢𝑖̅̅ ̅

𝜕𝑡
+ 𝑢𝑗̅

𝜕𝑢𝑖̅̅ ̅

𝜕𝑝𝑗
=

1

𝜌

𝜕

𝜕𝑥𝑗
{

−𝑃̅𝛿𝑖𝑗⏟  

Mean pressure stress
+

𝜇 (
𝜕𝑢𝑖̅̅ ̅

𝜕𝑝𝑗
+
𝜕𝑢𝑗̅̅ ̅

𝜕𝑝𝑖
)

⏟        

Mean viscous stress

−
𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅
⏟  

Reynolds stress
} Eq. (4)                                                                                147 

 148 

where,𝑃̅: Mean pressure, 𝑢̅: mean velocity, 𝑖, 𝑗: the Cartesian components of vectors and tensors, 149 

𝑡: time, 𝑝: flow direction, 𝜇: viscosity, 𝛿𝑖𝑗: Kronecker delta.   150 

Among the stress components in Eq. (4), shear stress is related with Reynolds stress 151 

tensor and viscous stress tensor. However, because the effect of viscosity in turbulent flow can 152 

be negligible, Reynolds stress (𝑢′𝑣′̅̅ ̅̅ ̅̅ , 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ) along the three physical planes (xy, xz, yz 153 

plane), where u′, v′ and w′ are the velocity fluctuations of the streamwise (x), lateral (y) and 154 

vertical (z) components and upper bar denotes an average, are a component of stress tensor that 155 

can directly represent turbulent shear stress. For the validations, Nezu and Nakagawa (1993) 156 

conducted experiments using a straight-rectangular flume and showed that the measurement of 157 

vertical profile of Reynolds stress (𝑢′𝑤′̅̅ ̅̅ ̅̅ ) shows good agreement with shear stress profile 158 

calculated by using Eq.(4). In their comparison, they could not consider other two components of 159 

Reynolds stress (𝑢′𝑣′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ) because, in their experiment, the value of  𝑢′𝑣′̅̅ ̅̅ ̅̅  and 𝑣′𝑤′̅̅ ̅̅ ̅̅  shows 160 

negligible in their one dimensional experimental flow set-up. However, in the rapidly-varied 161 

flow or complex three-dimensional flow, all three components of Reynolds stress should be 162 

considered for predicting shear stress. Thus, Dey and Barbuiya (2005) used the shear stress 163 

equation and estimated components of bed shear stress in the flow direction (𝜏𝑏𝑥) and lateral 164 

direction (𝜏𝑏𝑦) together with the concept of momentum flux (Mathieu & Scott, 2000) and 165 

suggested shear stress (𝜏𝑏) equation as follows. 166 

 167 

𝜏𝑏𝑥 = 𝑢
′𝑣′̅̅ ̅̅ ̅̅ + 𝑤′𝑢′̅̅ ̅̅ ̅̅  Eq. (5) 

𝜏𝑏𝑦 = 𝑢
′𝑣′̅̅ ̅̅ ̅̅ + 𝑤′𝑣′̅̅ ̅̅ ̅̅  Eq. (6) 

          𝜏𝑏 = 𝜌((𝑢
′𝑣′̅̅ ̅̅ ̅̅ + 𝑤′𝑢′̅̅ ̅̅ ̅̅ )2 + (𝑢′𝑣′̅̅ ̅̅ ̅̅ + 𝑤′𝑣′̅̅ ̅̅ ̅̅ )2)0.5  Eq. (7) 

 168 

Later, Duan (2009) applied Eq. (7) to the flow around spur dike on the sand bed to 169 

calculate bed shear stress and the result shows similar patterns with spatial distributions of scour 170 

contours. Thus, Reynolds stress has been considered as one of the most reliable method 171 

estimating bed shear stress, if velocity fluctuations can be measured accurately using precise 172 

measuring devices such as Acoustic Doppler Velocimetry (ADV), Laser Doppler Velocimetry 173 

(LDV), and Particle Image Velocimetry (PIV) (Nezu & Rodi, 1986; Nezu et al., 1997). 174 
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1.2.4 Shear stress equation using TKE 175 

TKE consists of turbulent strength in three directions and is used to define total strength of 176 

turbulence within a region. The derivation of shear stress equation using TKE was originated 177 

from studies by Galperin et al. (1988) and Soulsby and Dyer (1981) that shows linear 178 

relationship between Reynolds stress and TKE. Based on the findings, an empirical coefficient 179 

was represented for oceanography studies, and defined as 0.19 (Soulsby & Dyer, 1981; Stapleton 180 

& Huntley, 1995). And the bed shear stress equation using TKE is derived as follows, 181 

 182 

𝜏𝑏 = 0.19𝜌𝑘 Eq. (8) 

 183 

where, constant value (=0.19): empirical coefficient determined by the oceanography studies, 𝑘: 184 

value of turbulent kinetic energy (TKE) (= 0.5(𝑢′2 + 𝑣′2 + 𝑤′2)). The increase amount of 185 

turbulence in certain flow region provide additional energy to create local elevation of the shear 186 

stress and the value of TKE is a key parameter to account for the impact of the local turbulence 187 

energy generated by the vortex structure and separated shear layer (Ge et al., 2005; Lacey & 188 

Rennie, 2012, and Lefebvre et al., 2014). Also, Chanson et al. (2007) found that using TKE has 189 

the advantage of reducing error even with smaller number of data set than using Reynolds stress 190 

to understand flow mechanism in open channel flow. Thus, several investigators including 191 

Soulsby and Dyer (1981) and Stapleton and Huntley (1995) have explored TKE as a possible 192 

parameter in the shear stress estimation, but their studies were only conducted in a gradually-193 

varied flow or one dimensional flow in the wave flume. Later, Dey and Lambert (2005) 194 

calculated bed shear stress by using several existing equations and found that TKE is the most 195 

suitable parameter that represents measured scour depth contours on sand bed. Recently, Kara et 196 

al. (2014) conducted computer simulation and also showed that bed shear stress distributions 197 

near the bridge has similar patterns with the TKE distributions. However, even if the TKE is 198 

proved as a good indicator that can be used to estimate bed shear stress, Dey and Lambert (2005) 199 

pointed out that the current value of experimental coefficient (=0.19) in Eq. (8) does not account 200 

for the effect of three dimensional, rapidly-varied flow where the flow contraction occur around 201 

an obstruction, and thus, proper laboratory experiment should be conducted to find the actual 202 

value of shear stress leading to the sediment transport, deposition, and channel change. 203 

Therefore, in this laboratory study, the complex three-dimensional flow field is reproduced by 204 

installing various widths of artificial structure and the effect of flow contraction and concomitant 205 

turbulent structures are explored in the laboratory. Then, the characteristics of shear stress 206 

around the structure is analyzed by using measured flow variables as well as turbulent quantities, 207 

and the results are used to re-formulate empirical coefficient for Eq. (8) suitable for the three-208 

dimensional complex flow fields. 209 

2 Methods 210 

2.1 Experimental setup 211 

The experiments were performed in a 15 m long and 1.5 m wide tilting laboratory flume at West 212 

Virginia University, USA. The channel slope (𝑆0) was set to 0.002 and the slope was categorized 213 

as a mild slope based on the comparison between normal depth and critical water depth 214 

calculations for all of the experimental conditions. Uniform plaid patterns were carved on top of 215 
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the entire false floor surface to reproduce coarse-grained river-bed and to create fully rough 216 

turbulent flow through the entire flume. The corresponding roughness height generated by the 217 

pattern is about 3.5 mm. The water was recirculated from the large end tank to the upstream 218 

reservoir via two pumps with a maximum discharge of 0.095 m
3
/s. An artificial shape of vertical 219 

structure was installed at 10 m downstream from the water entrance section and protruded from 220 

one side of flume. Three different widths of the obstruction structure, 0.23, 0.56 and 1.06 m, 221 

were used to simulate wide range of flow contraction and the corresponding turbulent structures 222 

that can be found in a field such as the flow between two rocks situated in a row or around an 223 

bridge abutment, but the streamwise length of the structure was kept in constant as 0.5 m. During 224 

the experiment, water depth was measured by using a point gauge (±0.1 mm) and point 225 

velocities as well as turbulent quantities were measured by using 3D-downlooking ADV. Where 226 

the higher turbulent flow is expected such as close to the structure, water depth as well as 227 

velocity/turbulent measurements were repeated several times to minimize measurement error.  228 

ADV can measure three-dimensional velocity in the maximum response frequency of 50 229 

Hz. Based on Nezu and Nakagawa (1993), the maximum response frequency is larger than 10 to 230 

36 Hz to measure turbulent (SonTek, 2001). Measurements using ADV also require many 231 

samples to estimate the turbulent characteristics. In the study of Chanson et al. (2007), error on 232 

second statistical moments decreases as the number of sample increases. Thus, at least 9,000 233 

sampling numbers, which is equal to 3 minutes with 50 Hz response frequency, were collected in 234 

each measurements for estimating the turbulent characteristics (Ge et al., 2005; Hong et al., 235 

2015). After finishing each measurements by using ADV, post processing of the measured data 236 

was performed to remove the noise based on the protocols suggested by Nortek (1998), Sontek, 237 

(2001), and Hong et al. (2015) because noise occurs when a high level of turbulence exists at the 238 

measuring location. The first post processing protocol was to filter the measured time series data 239 

according to a minimum value of the correlation coefficient which is 70 percent for acceptance 240 

of data from each sampling period based on the recommendation of the ADV manufacturer for 241 

measurement of turbulence properties. The phase-space despiking algorithm of Goring and 242 

Nikora (2002) was also employed to remove any spikes in the time record caused by aliasing of 243 

the Doppler signal which sometimes occurs near a boundary. In addition to the required 244 

minimum correlation coefficient value and phase-space despiking algorithm, the signal-to-noise 245 

(SNR) was maintained at a value greater than 15 for accurate measurement of turbulence 246 

quantities.  247 

2.2 Experimental procedure 248 

In the beginning of each experiment, the desired discharge was set by main control panel. When 249 

the flow was stabilized in the flume, the required value of water depth was set by adjusting tail 250 

gate position. Then, as shown in Fig. 1, detailed measurements were conducted in the approach 251 

section which is located at 2.5 m upstream from the structure and in the test section where the 252 

obstruction structure was built. In the approach section, the point velocities and turbulent 253 

quantities were measured at 0.3~0.5 cm increments vertically close to the bed, but at the distance 254 

from the bed greater than 3 cm, measured at 1~2 cm increments vertically at the center of the 255 

approach cross-section. Within the test section, as shown in Fig. 1, total 5 cross sections were 256 

selected for water surface elevation, velocity and turbulent measurements. Along the each cross-257 

section, water surface elevations were measured every 1cm laterally, and point velocities and 258 

corresponding turbulent quantities are measured at multiple vertical transects which are 259 

separated 3 to 5 cm laterally close to the obstruction structure, but 10 cm laterally at the region 260 
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far from the structure where the effect of local flow contraction by flow acceleration and 261 

formation of shear layers is diminished. During the water depth measurements, additional 262 

measurements were made along the center of the flume to delineate water surface profile to find 263 

the slope of energy grade line through the entire test section and the flume. 264 

 265 

 266 
Figure 1. Schematic diagram of flow measurement points  267 

3 Results 268 

Total twelve flow conditions were simulated during the experiments to comprehensively address 269 

the purpose of this study. The experimental conditions have been summarized in Table 1, where, 270 

𝐿𝑎: width of the obstruction,  𝑢1̅̅ ̅: mean velocity in the approach section, ℎ1: water depth in the 271 

approach section, 𝑞2/𝑞1  or 𝑞2𝑚𝑎𝑥/𝑞1: flow contraction ratio, 𝑞2: discharge per unit width in the 272 

test sections, 𝑞1: discharge per unit width in the approach section, 𝑞2𝑚𝑎𝑥: maximum discharge 273 

per unit width in the test section, ℎ1/ℎ𝑛1: dimensionless value representing backwater amount, 274 

ℎ𝑛1: normal water depth in the approach section calculated by using manning’s equation, 𝑆1: 275 

water surface slope in the approach section. Here after, subscript “1” and “2” illustrate approach 276 

section and test section, respectively.  277 

Fig. 2 shows the measured point velocities at the approach section for selected 278 

experimental cases. As shown in Fig. 2, the vertical distribution of measured velocity at the 279 

approach section was found to agree well with logarithmic velocity profiles in all experimental 280 

cases. Thus, depth-averaged mean velocity in the approach section ( 𝑢1̅̅ ̅) in Table 1 was 281 

evaluated as the point velocity from the best-fit log relation at a relative distance above the bed 282 

of 0.4 times the depth (Sturm, 2010). However, in the test section, the depth-averaged velocities 283 

were calculated by taking the integral of the point velocity (u) measurements within each vertical 284 

profile over the depth and dividing by the water depth because the velocity profile within the test 285 

section did not have a logarithmic relationship due to its complex three-dimensional behavior 286 

induced by local flow contraction around the obstruction structure. Then, the value of discharge 287 

per unit width in the approach (𝑞1) and test section (𝑞2) was evaluated as the depth-averaged 288 

velocity times corresponding water depth at each point, and the maximum value of 𝑞2 was 289 

selected as 𝑞2𝑚𝑎𝑥 among the values of the discharge per unit width along the upstream face of 290 

the structure.  291 

 292 

 293 
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Table 1. Experimental Conditions in this study 294 

Cases 𝐿𝑎 (m) 𝑢1̅̅ ̅ (m/s) ℎ1 (m) 𝑄1 (m
3
/s) 𝑞2/𝑞1 𝑞2𝑚𝑎𝑥/𝑞1 ℎ1/ℎ𝑛1 𝑆1 

Case 1 

0.23 

0.432 0.1014 0.0657 1.251 1.326 1.216 0.0013 

Case 2 0.453 0.1071 0.0728 1.226 1.293 1.205 0.0014 

Case 3 0.473 0.1168 0.0828 1.250 1.322 1.212 0.0008 

Case 4 0.509 0.1217 0.0929 1.229 1.284 1.175 0.0015 

Case 5 

0.56 

0.365 0.1120 0.0613 1.582 1.626 1.404 0.0018 

Case 6 0.378 0.1198 0.0680 1.591 1.670 1.406 0.0017 

Case 7 0.375 0.1277 0.0719 1.607 1.697 1.448 0.0021 

Case 8 0.384 0.1514 0.0871 1.666 1.745 1.522 0.0013 

Case 9 

1.06 

0.143 0.1236 0.0265 3.323 3.602 2.601 0.0034 

Case 10 0.170 0.1545 0.0394 3.203 3.334 2.546 0.0034 

Case 11 0.182 0.2176 0.0595 3.257 4.184 2.776 0.0026 

Case 12 0.205 0.2200 0.0675 3.281 3.983 2.594 0.0027 

 295 

 296 

Figure 2. Vertical velocity profiles in the approach section. 297 

 298 

In order to determine the reliability of the measured data, discharge in the approach 299 

section (Q1) and the test section (Q2) was calculated with the measured value of velocities and 300 

water depths, and continuity check was evaluated between them. As shown in Fig. 3, the results 301 

show good agreement (𝑅2 = 0.97 and Root mean square error (RMSE)= 0.03).  302 
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 303 

Figure 3. Continuity between the approach and the test section; where, 𝑄1 and 𝑄2 is discharge in 304 

the approach and test section, respectively. 305 

 306 

Turbulent quantities near the bed is an important variable to account for the impact of the 307 

local turbulence energy generated by the vortex structure and the separated shear zone on bed 308 

shear stress leading to local erosion and deposition (Ge et al., 2005; Lacey & Rennie, 2012). 309 

Furthermore, based on the Launder and Rodi (1983)’s findings in wall jet flow , the maximum 310 

value of velocity fluctuation occurs near the wall. Thus, to quantify the local turbulence effect on 311 

the shear stress, turbulent quantities were measured at a height of 5 mm above the bed and used 312 

for the further analysis because 5 mm is the closest point that the ADV can measure. At the 313 

height of 5 mm from the bed, the value of 𝑧+(dimensionless depth; 𝑧𝑢∗/𝜈) is from 50 to 80 in 314 

this experiment, where is theoretically considered as the outer layer (𝑧+ > 30) (Sturm, 2010), 315 

and the maximum value of turbulent quantities including Reynolds stress and TKE are found 316 

(Hong et al., 2015).  317 

3.1 Flow characteristics 318 

The flow constriction through the test section by the existence of the obstruction structure gives 319 

rise to both contraction and expansion energy losses, with a resulting rise in water surface 320 

elevation at the approach section in comparison to that which would occur without the flow 321 

constriction. The measured water surface profiles along a centerline of the entire flume from the 322 

approach to the test section in this study proves the back-water scenario caused by the energy 323 

losses. Effect of the back water can be estimated by the flow contraction ratio between approach 324 

section and the test section (q2/q1) (Hong et al., 2015). Thus, to find the effect of backwater in the 325 

approach section in this experiment, the dimensionless value representing backwater amount 326 

(h1/hn1) are plotted with the value of (q2/q1) in Fig. 4 (a). As shown in Fig. 4 (a), as the flow 327 

contraction ratio (q2/q1) increases in x-axis, the value of h1/hn1 also increases, accordingly. As the 328 

width of the obstruction structure increases, the value of q2/q1 increases due to higher flow 329 

acceleration through the test section and resulting larger contraction and expansion losses 330 

through the test section lead to larger effect of back water in the approach section. The results 331 

clearly reveal that the back-water effect can be considered as direct function of flow contraction 332 
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ratio as suggested by Hong et al. (2015) and the findings will be used in the following section to 333 

explore the effect of back water on the bed shear stress in the approach section. 334 

 335 

  336 

                                      (a)                                                          (b)                                                      337 

Figure 4. (a) Back water effect in the approach section and (b) flow characteristic in the test 338 

section. 339 

 340 

As shown in Table 1, the slope of water surface profile in the approach section (S1) for 341 

several cases is slightly larger than channel bed slope (S0 = 0.002). Based on the findings by 342 

Chow (1959), gradually-varied flow in a prismatic channel can be defined as the water surface 343 

slope is within ±𝑆0. Thus, flow regime in the approach section for several cases cannot be 344 

categorized as gradually-varied flow. In the test section, as shown in the Fig. 4 (b), it is obvious 345 

that the flow conditions are rapidly-varied flow because local flow acceleration around the 346 

obstruction resulted in three-dimensional complex flow patterns through the entire test section. 347 

Fig. 4 (b) clearly depict the unsteady roll up of the shear layer near the corner of structure where 348 

the local flow contraction is greatest and the formation and shedding of eddies and the transport 349 

of these eddied downstream within re-circulation area where the estimation of shear stress is 350 

tricky due to the complex flow patterns. Fig. 4 (b) also shows the lateral distributions of 351 

discharge per unit width (q2) along the entrance of the test section. As shown in the q2 352 

distribution, the maximum value of discharge per unit width (𝑞2𝑚𝑎𝑥) is observed near the corner 353 

of the obstruction where the dominant shear layer start to occur and extend through the 354 

constriction section along the boundary of re-circulation area. The effect of the flow contraction 355 

through the test section on the bed shear stress will be explained in more detail in the next 356 

section. 357 

3.2 Bed shear stress in the approach section 358 

As explained in the previous paragraph, the flow regime in the approach section was not uniform 359 

flow because of the back-water effect. Thus, to find the effect of back water on shear stress 360 

calculated by using various formulas in the approach section, bed shear stress estimated by all 361 

four equations is compared with flow contraction ratio (q2/q1) which is a representative 362 
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parameter of backwater. Fig. 5 shows the comparison results. As shown in Fig. 5, as the value of 363 

q2/q1 increase in x-axis, the bed shear stress decrease because effect of the back water becomes 364 

higher as q2/q1 increase, and the resulting upstream approach depth is larger than the normal 365 

depth for the case without flow constriction under the same discharge. Even if the calculated 366 

shear stress seems to follow the similar decreasing trend with respect to the value of q2/q1 with 367 

all four methods, the results from Eq. (1) (water depth) and Eq. (3) (shear velocity) shows larger 368 

value than the results using Eq. (7) (Reynolds stress) and Eq. (8) (TKE), but, both of equations 369 

using the local turbulent quantities (Eq. (7) (Reynolds stress) and Eq. (8) (TKE)) shows similar 370 

magnitude of the shear stress. The larger outcome from Eq.(1) and Eq. (3) is because they cannot 371 

correctly account for the bed coarseness effect as in this study and also, they are based on the 372 

simplified assumption such as under uniform flow condition and gradually-varied flow 373 

condition, respectively. Also, Nezu and Nakagawa (1993), Biron et al. (2004), and Rowinski et 374 

al. (2005) explored that Eq. (1) and Eq. (3) is considered inappropriate for the cases with back 375 

water conditions.  376 

 377 

 378 

Figure 5. Effect of back water on the bed shear stress in the approach section 379 

 380 

As shown in Fig. 5, even if both of the Eq. (7) and Eq. (8) shows similar results in the 381 

approach section, under the complex three-dimensional flow conditions through the test section, 382 

Mathieu and Scott (2000) suggested that using Reynolds stress is often considered as the most 383 

appropriate tool for evaluation of the bed shear stress because the empirical coefficient in Eq. (8) 384 

should be re-visited to correctly account for complex non-uniformity. Thus, the results using Eq. 385 

(7) was used for the reference bed shear stress for further analysis, and in the following chapter, 386 

bed shear stress calculated by using TKE (Eq. (8)) is compared with that from Reynolds stress to 387 

suggest surrogate method of shear stress estimation using TKE, because as explained in the 388 

previous paragraph, TKE is also one of the most suitable parameter representing bed shear stress 389 

with respect to their error amount in measurements and calculations, but a new empirical 390 

coefficient suitable for complex three dimensional flow filed should be suggested for its use.  391 
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3.3 Bed shear stress in the test section 392 

Because of their simplified assumption in Eq. (1) and Eq. (3), bed shear stress within the test 393 

section can only be estimated by using Eq. (7) and Eq. (8), and Fig. 6 shows the spatial 394 

distribution of bed shear stress within the test section around the obstruction structure estimated 395 

by using Eq. (7) and Eq. (8), respectively. In Fig. 6, the origin of x (streamwise direction) and y 396 

(lateral direction) is located at the upstream corner of the obstruction structure. As shown in Fig. 397 

6, both of formulas resulted in similar patterns of the bed shear stress distribution in which 398 

largest bed shear stress is located near the upstream corner of the structure where highly three-399 

dimensional flow is characterized by local flow acceleration and the resulting shear layer starting 400 

to develop at the corner of the structure and extending along the tangent of re-circulation area 401 

where large-scale unsteadiness is found. When the flow area is reduced by bankline abutments 402 

on both side of a narrow main channel in a river, flow accelerates through the contraction 403 

between the abutment, and the higher velocity is responsible for the higher shear stress. In 404 

addition to the higher velocity due to the mean flow acceleration, local turbulent flow structures, 405 

such as the horseshoe and tornado-like vortices resulting from flow separation on the upstream 406 

corner of the abutment and re-circulation zone behind the shear layer have been responsible for 407 

the additional magnitude of the shear stress close to the abutment. (Hong & Irfan, 2019). The 408 

results shown in Fig. 6 is corresponding to the previous studies conducted by Dey et. al. (2005) 409 

and Duan (2009). Their studies show that maximum Reynolds stress and maximum TKE were 410 

found around the corner of the structure where large vortex structure occurs near the shear layer.  411 

   412 

(a)                                                                (b) 413 

Figure 6. Spatial distribution of bed shear stress within the test section for case 7 estimated by 414 

Eq. (7) in (a) and Eq. (8) in (b)  415 

 416 

However, as shown in Fig. 6 (a) and (b), the absolute value of bed shear stress from those 417 

two different formulas are different. Similar results were found in other researches (Biron et al., 418 

2004; Dey & Lambert, 2005; Duan, 2009; Kara et al., 2014; Lee, 2019;Yaeger, 2009) that the 419 

bed shear stress estimation using TKE shows lower than that from Reynolds stress around the 420 

bridge abutment when the Eq. (8) was applied. The most probable reason is that the empirical 421 

coefficient (Cexp = 0.19) in Eq. (8) is based on the gradually-varied flow in oceanography studies 422 

(Soulsby & Dyer, 1981; Stapleton & Huntley, 1995) which cannot account for the effect of 423 

complexity as in this study, thus, the experimental coefficient should be re-evaluated.   424 
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Additional proof for the reason of updating empirical coefficient in Eq. (8) shows in Fig. 425 

7. Experimental results from the current study was compared with Biron et al. (2004) and Yaeger 426 

(2009) in Fig. 7, where x-axis is the shear stress estimated by Eq. (7), but y-axis shows the value 427 

estimated by Eq.(8). Biron et al. (2004) installed a 0.05 m wide of deflector within a 0.4 m wide 428 

flume to generate short contraction (La/W = 0.125, in which W is width of the flume) and run the 429 

experiment under the low flow rates. Based on the experiment, they also calculate/estimate shear 430 

stress around the deflector using same formulas as in this study and the results are included in 431 

Fig. 7. Yaeger (2009) also conducted similar experiment, but instead of using one flow 432 

obstruction structure, a series of three deflecting dikes (La/W = 0.267) were installed 433 

perpendicular to the flow direction to find the effect of dike placement on the turbulence flow 434 

fields. As shown in Fig. 7, values of shear stress including Biron et al. (2004) and Yaeger (2009) 435 

follows one to one line in lower bound of x-axis. However, as the value of shear stress increases 436 

in x-axis, the comparison shows bias instead of aggregating them into the one to one single line. 437 

When the flow contraction becomes higher, the corresponding value of shear stress through the 438 

contraction also becomes larger because of the complex flow fields associated with flow 439 

accelerations and resulting local turbulent structures along a shear layer. However, as already 440 

explained in the previous paragraph, the empirical coefficient (𝐶𝑒𝑥𝑝= 0.19) in Eq. (8) was 441 

decided based on the simple one-dimensional flow types and thus, leading to underestimation of 442 

the shear stress compared to the formula using Reynolds stress in three dimensional complex 443 

flow. Furthermore, the constant value of empirical coefficient is not suitable to address the 444 

complexities around the obstruction such as a rock or a abutment in this study, deflector (Biron 445 

et al., 2004), and dikes (Yaeger, 2009); instead, the empirical coefficient should be function of 446 

amount of energy generated by turbulent structure which varies with the flow contraction ratio 447 

(Lee and Hong 2019). It is interesting to note that the lower bound of shear stress using Eq. (8) is 448 

about - 80% of that using Eq. (7). It is obscure to explore the qualitative answers in this study, 449 

thus, additional laboratory experiment and/or numerical simulations should be conducted.  450 

 451 

 452 

Figure 7. Comparison of bed shear stress calculated by using Eq. (7) and Eq, (8) including Biron 453 

et al. (2004) and Yaeger (2009); where, 𝜏𝑏2: bed shear stress in the test section. 454 

 455 
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4 Analysis and Discussion 456 

As explored by many other researchers, the maximum value of bed shear stress is mainly located 457 

near the upstream corner of an instream structure when the structure obstructed the flow area. 458 

Usually, an instream structure remained intact during the flow movement, and the maximum 459 

amount of sediment/material’s transport occurred around the upstream corner of the structure 460 

where the local flow contraction is maximum, and power of turbulent vortex structure is 461 

concentrated. The similar explanation can be found in Fig. 6 in this study. Furthermore, in the 462 

engineering viewpoint, the location is important to forecast the vulnerability of hydraulic 463 

infrastructures because the maximum bed shear stress lead to foundation exposure during the 464 

high-water mark. Thus, in this study, the region where the maximum shear stress is found was 465 

selected for additional analysis of bed shear stress, and the analysis and discussions are shown 466 

below.  467 

4.1 Dimensionless bed shear stress 468 

The effects of flow contraction as well as local turbulence, all contribute to the maximum shear 469 

stress around the obstruction. Between those two main drivers, the effect of local turbulence can 470 

be parametrized by flow contraction ratio (q2/q1), the ratio of discharge per unit width through 471 

the test section to that in the approach flow (Hong et al., 2015). As a result, it can be 472 

hypothesized that the maximum shear stress around the obstruction structure is related to the 473 

value of flow contraction ratio only. Thus, as an initial fit, the maximum shear stress normalized 474 

by the shear stress in the approach section are plotted in Fig. 8 (a) according to the value of q2/q1.  475 

 476 

 477 

(a)                                                                   (b) 478 

Figure 8. Normalized maximum shear stress around the corner of the rock , 𝜏𝑏2𝑚𝑎𝑥 𝜏𝑏1⁄ , as a 479 

function of q2/q1 in a) and q2max/q1 in b). 480 

 481 

As shown in Fig. 8 (a), as the flow contraction ratio (q2/q1) in the x-axis increases, 482 

normalized maximum shear stress, 𝜏𝑏2𝑚𝑎𝑥 𝜏𝑏1⁄ , calculated by using both formulas gradually 483 

increases in semi-logarithmic scale. Even though the observed data shows similar power 484 
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relationships in both cases, the case with TKE shows lower value than the case with Reynolds 485 

stress because improper value of empirical coefficient in Eq. (8) was used for the calculation. To 486 

find the best-fit equation, a least-squares regression analysis was conducted on the data given in 487 

Fig. 8(a). Physically, as the value of q2/q1 approaches to 1, the effect of flow contraction 488 

becomes smaller and finally the value of  𝜏𝑏2𝑚𝑎𝑥 𝜏𝑏1⁄  becomes unity. Thus, during the least-489 

squares analysis, the best-fit equation is forced to pass through the origin and the formulas are 490 

shown as follows,  491 

 492 

       
𝜏𝑏2𝑚𝑎𝑥

𝜏𝑏1
= (

𝑞2

𝑞1
)
3.703

                    Eq. (9a) 493 

     
𝜏𝑏2𝑚𝑎𝑥

𝜏𝑏1
= (

𝑞2

𝑞1
)
2.833

                      Eq. (9b) 494 

 495 

with coefficient of determination of 0.86 and 0.91, respectively. Eq. (9a) and Eq. (9b) is best-fit 496 

equation for using Reynolds stress and TKE, respectively. As shown in the regression analysis, 497 

the exponent of Eq. (9a) is larger than Eq. (9b), but both Eq. (9a) and Eq (9b) state that 498 

maximum dimensionless shear stress is function of mean discharge contraction ratio. 499 

However, this preliminary result is oversimplified because in terms of limiting cases, 500 

when a rock and/or an instream structure is located within a wide river, the value of q2/q1 is close 501 

to 1. But, still higher value of shear stress around the corner is there that is driven by the 502 

dynamics of the horseshoe vortex (Koken & Constantinescu, 2009) alone. Thus, the mean value 503 

of discharge contraction ratio are not necessarily expected to be a good indicator over a larger 504 

range of the independent variables as limiting cases are approached because the relative effect of 505 

turbulence will be different depending on the size of obstruction, the approach flow velocity 506 

distribution, and many other factors. Under these circumstances, parameterizing the role of 507 

turbulence through its structure (oscillating horseshoe vortex, increased vorticity due to the horse 508 

shoe vortex and separated shear flow) seems to be a formidable task. However, at the most basic 509 

level, it is hypothesized that the contribution of local turbulence in the vicinity of the obstruction 510 

is elevated local velocity close to the structure that provides the additional energy to the bed. 511 

Based on the similar understanding, Sturm (1999) and Hong (2013) suggested possibility to use 512 

the maximum depth-averaged velocity, 𝑢2𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ , near the corner of instream structure to estimate 513 

the amount of maximum sediment transport around the structure. Earlier, Biglari and Sturm 514 

(1998) developed a 2D, depth-averaged k -Ɛ turbulence model to determine the flow field around 515 

a setback abutment founded on the floodplain within a compound shape river and showed that 516 

the results from the numerical simulation for 𝑢2𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ , had good agreement with experimental 517 

maximum scour depth around the obstruction structure.  518 

Thus, the lateral profile of discharge per unit width (q2) (see the example of the profile in 519 

Fig. 4(b)) is observed along the upstream face of the structure and the maximum value (𝑞2𝑚𝑎𝑥 =520 

𝑢2𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ ℎ2) was selected among them where the flow contraction is the greatest and a strong shear 521 

layer related to the higher-velocity occurred. Table 1 shows the value of (𝑞2𝑚𝑎𝑥/𝑞1) for each 522 

experimental case, and the data given in the table together with the normalized maximum shear 523 

stress in Fig. 8(b) were used to conduct another regression analysis as follows, 524 

 525 
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𝜏𝑏2𝑚𝑎𝑥

𝜏𝑏1
= 1.638 (

𝑞2

𝑞1
)
2.817

                    Eq. (10a) 526 

𝜏𝑏2𝑚𝑎𝑥

𝜏𝑏1
=  1.350 (

𝑞2

𝑞1
)
2.275

                      Eq. (10b) 527 

 528 

which, for this relationship, yields the coefficient of determination of 0.94 and 0.96 for the case 529 

with using Reynolds stress in Eq. (10a) and TKE in Eq. (10b), respectively. The relationships 530 

from the best-fit regression analysis given by Eq. (10) results in an increase in the value of the 531 

coefficient of determination from 0.86 to 0.94 and from 0.91 to 0.96 compared to Eq. (9), which  532 

confirms that 𝑞2𝑚𝑎𝑥/𝑞1 can be a better representative parameter for normalized shear stress 533 

estimation.  534 

4.2 Revisting empiricical coefficient for bed shear stress estimation using TKE 535 

As shown in Fig. 8, the normalized maximum shear stress estimated by using two different 536 

formulas followed a similar trend. Thus, setting the shear stress values from using Reynold stress 537 

as reference and by comparing the difference between two regression formulas in Eq. (9) and Eq. 538 

(10), Fig. 9 shows the empirical coefficient with respect to the value of q2/q1 and 𝑞2𝑚𝑎𝑥/𝑞1, 539 

respectively.  540 

 541 

 542 

                                (a)                                                                     (b) 543 

Figure 9. Empirical coefficient for shear stress equation using TKE according to the flow 544 

contraction ratio, 𝑞2/𝑞1 in (a) and  𝑞2𝑚𝑎𝑥/𝑞1 in (b).  545 

 546 

and the empirical coefficient for three dimensional complex fields was suggested as follows,  547 

 548 

  𝐶𝑒𝑥𝑝 = 0.19 (
𝑞2

𝑞1
)
0.82

                         Eq. (11) 549 
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 𝐶𝑒𝑥𝑝 = 0.231 (
𝑞2𝑚𝑎𝑥

𝑞1
)
0.542

                  Eq. (12) 550 

 551 

As shown in Fig. 9 and the Eq. (11) and (12), empirical coefficient is not a constant value 552 

under three dimensional complex flow, instead it shows unique function of flow contraction ratio 553 

because the empirical coefficient is a parameter accounting for the local turbulence effect in the 554 

vicinity of the obstruction structure, and the amount of turbulence effect is related to the degree 555 

of flow contraction between the approach and the test section. Furthermore, Eq. (12) state that 556 

the effect of turbulence alone under the limiting cases without any mean flow contraction should 557 

be 0.231 which shows higher constant compared 0.19 in Eq. (11) due to the flow complexity. For 558 

this relationship, the value of shear stress was re-calculated with newly suggested empirical 559 

coefficient in Eq. (12), then, similarity of the maximum bed shear stress between the case with 560 

Reynolds stress and case with TKE are shown in Fig. 10. As shown in Fig. 10, the bias becomes 561 

better because of applying the modified empirical coefficient for the calculation of maximum 562 

shear stress using TKE, and slope of regression line increased from 0.36 to 0.83 and 𝑅2 of each 563 

regression line increased from 0.67 to 0.92.  564 

 565 

 566 

Figure 10. Correlation of maximum shear stress calculated by using constant empirical 567 

coefficient (𝐶𝑒𝑥𝑝 =  0.19) and Eq. (12).  568 

 569 

As explained in the previous section, 𝑞2𝑚𝑎𝑥/𝑞1is better indicator. When the smaller value 570 

of q2/q1 ( ≈ 1) in the field where the size of obstruction structure is relatively small compared to a 571 

wide channel, only the turbulence structure is dominant driver causing higher shear stress. 572 

However, for practical purposes, quantifying 𝑢2𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅  in the field or even in the lab is challenging 573 

because the local turbulence varies depending on the obstruction structure’s shape, the bed 574 

material, the flow types, and other factors. Therefore, based on the findings of this study, Eq. 575 

(11) also can be as a compromise. 576 
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5 Conclusions 577 

Comparing critical shear stress for the initiation of motion with shear stress induced by flowing 578 

water in a river is important and preliminary task for scientist as well as engineers who are 579 

interested in the issue of sedimentation including erosion, transportation, and deposition. Thus, 580 

several shear stress formulas have been suggested in terms of various variables; among them, 581 

both of Reynolds stress and TKE are considered as the most suitable parameter that can be 582 

applied to calculate bed shear stress. However, the current version of methods using TKE has 583 

limitations under complex fields because it has been only verified in gradually-varied and 584 

uniform flow even though TKE has potential being a champion with respect to the amount of 585 

measurements error compared to the Reynolds Stress. Therefore, in this study, to improve the 586 

shear stress method using TKE, laboratory experiments were conducted in a tilting flume. The 587 

experimental results show that current version of TKE method underestimate the shear stress 588 

compared to that from Reynolds stress under three-dimensional complex flow fields, calling for 589 

calibrating the empirical coefficient. Therefore, based on the findings, newly formulated 590 

empirical coefficient for TKE methods was suggested with respect to the flow contraction ratio 591 

and the results shows good agreements with the shear stress calculated by using Reynolds stress.  592 

It is expected that TKE will be of great help in studying bed shear stress.  To make more 593 

solid connection between TKE and bed shear stress, more laboratory studies should be 594 

conducted, especially with using various shape of obstruction structure and over a wider range of 595 

𝑞2𝑚𝑎𝑥/𝑞1 and/or 𝑞2/𝑞1 including their range of ~1. Furthermore, with using LSPIV and/or PIV, 596 

more detailed velocity/turbulent measurements within recirculation area behind of the rock 597 

should be measured to confirm the relationship suggested in this study. In addition to the 598 

laboratory studies, A well-planned, detailed field study including real-time sedimentation 599 

monitoring between/around obstruction during normal and extreme hydrologic condition is 600 

required for the verification of the method developed in this study. Finally, a three-dimensional 601 

numerical model with advanced turbulence schemes should be applied to the laboratory model 602 

used in this study for their validations, and then wider range of flow conditions than covering by 603 

laboratory studies alone can be obtained in the area of research.   604 
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