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Abstract: Bed shear stress in coarse–bed rivers with vegetation patches is one of the challenging
parameters in hydraulic engineering, mechanical engineering, fluvial morphology, and environmental
studies. Based on this necessity, in this study, the values of bed shear stress in four reaches of rivers in
Iran were estimated and compared using the methods of boundary layer characteristics, logarithmic
law, and Darcy–Weisbach. Data collection in this study started in February 2021 and ended in
April 2021. Estimation of flow resistance is a key factor in many numerical and physical models.
In order to obtain a reasonable evaluation of this factor, it is necessary to measure and calculate
the key variables of resistance to flow. Accordingly, the experimental design in this study includes
surveying operations, velocity measurement, and sampling of bed sediments. The results show that
due to bed forms, vegetation patches, and variations of flow depth and grain size in the river, the
universal velocity distribution law (the log law) may not be suitable to estimate the shear velocity,
which is a key parameter of flow resistance. This calls for more justifiable methods which are
not affected by near–the–bed conditions. Accordingly, a three–parameter flow resistance model
is presented, which shows an average error of 17%, indicating the accuracy of the model. The
investigation of 71 measured velocity profiles shows the occurrence of the Dip phenomenon in the
velocity profiles near the vegetation patches. However, by moving away from the vegetation patches,
the effect of this phenomenon is decreased, and the profiles illustrate an S–shaped distribution.
The results show that the relative differences between the logarithmic law and Darcy–Weisbach
methods compared to the boundary layer characteristics method (BLCM) are equal to 87% and 39%,
respectively, indicating a more reasonable agreement between the Darcy–Weisbach method and
the boundary layer characteristics method. This is due to the application of key parameters of the
boundary layer theory to calculate shear velocity by BLCM. However, to simplify data collection in
the field, the application of the Darcy–Weisbach method is suggested.

Keywords: bed shear stress; boundary layer characteristics; coarse–bed river; logarithmic law;
resistance model

1. Introduction

Vegetation patches in riverbeds affect the main flow parameters, such as shear stress
and velocity, change in the flow structure, and increase in the overall resistance of the
flow. The most apparent effect of vegetation patches in water transfer canals is to reduce
the shear stress of the bed, increase the flow resistance, and reduce the water transfer
capacity. Vegetation patches are widely observed in rivers, and their presence in the flow
path can change the velocity profile and shear stress. These patches are different from
other obstacles such as bridge piers due to their permeability [1]. In the past, it was
supposed that vegetation only increases the flow resistance; for this reason, to increase
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the flow transmission capacity, the vegetation at front of the stream was removed; while
today, we know that it has several benefits. For instance, the patches can create a suitable
environment for aquatic life, growth, and spawning [2,3] and reduce erosion by decreasing
shear stress [4–7].

Bed shear stress is one of the main parameters in the river and hydraulic engineering,
the estimation of which is always accompanied by an error in river engineering. Up to the
present date, a complete model for coarse–bed rivers based on the theoretical foundations
of boundary layer and flow velocity distribution is unavailable. Most models are entirely
experimental, and the effect of flow structure is not considered in them. Bed shear stress
is a significant factor in estimating hydraulic parameters, design of hydraulic structures,
and river engineering studies. In rivers, the bed shear stress is essential in determining
the local erosion of the bed, the roughness coefficient, the sediment parameters of the bed
load, and the suspended load. Accurate estimation of bed shear stress is difficult, especially
in mountain rivers. In laboratory studies, Prandtl–Pitot tubes or shear plates are used
to measure the bed shear stress, while in field studies, direct measurements are rarely
done, and various indirect methods are used. There has been numerous research on the
interaction of vegetation and flow in the presence of artificial vegetation and the laboratory
flume (e.g., [8–11]); however, few studies have been conducted on natural vegetation in
coarse–bed rivers (e.g., [12]).

Thoman and Niezgoda (2008) investigated the effect of vegetation on bed shear stress,
which is a key factor in determining the pattern of sedimentation and erosion. They showed
that the presence of vegetation reduces the velocity in the regions near the bed and thus
reduces shear stress and erosion [13].

Depending on whether the vegetation is flexible or rigid, as well as submerged or
emergent, models have been developed to estimate flow resistance in the presence of
vegetation [14,15]. However, so far, a comprehensive model for predicting flow resistance
has not been found [16]. Since most of these models have been developed under laboratory
and controlled conditions, their generalization to river conditions cannot be easily done.
Therefore, it is necessary to develop a comprehensive model for river conditions.

Due to the drought phenomenon, the river flow is not established in all seasons, which
results in vegetation growth in the river beds. Nosrati et al. (2022) focused their study on
the effect of irregular vegetation on flow resistance in a sandy river. Their results showed
that the effect of vegetation cover on the total flow resistance is greater than the effect of
the bed form of the river. Therefore, in order to correctly estimate the flow resistance in
mountain rivers and its application in hydraulic models, engineers and designers must pay
special attention to the contribution of vegetation in the estimation of flow resistance [17].
In another study, Afzalimehr et al. (2019) studied the flow on a sandy bed with walls
covered with vegetation. They showed that the presence of vegetation causes the flow
to change from uniform to non–uniform despite the constant depth of flow and constant
slope. They showed that the reason for this change in the flow structure is the non–uniform
distribution of the Reynolds stress and the occurrence of the maximum velocity below the
water surface due to the presence of vegetation on the channel wall [18].

The most common method for estimating the average bed shear stress in a reach is
defined as follows:

τ0

ρ
= gRS f (1)

where τ0 is bed shear stress, ρ is the specific gravity of water, g is the gravitational accel-
eration, R is the hydraulic radius, and S f is the energy slope. This method is not suitable
for local estimation of bed shear stress. Assuming that the hydraulic radius is equal to the
depth of the water flow, and by substituting the slope of the energy S f from the Manning
equation, Equation (1) becomes:

τ0

ρ
=

gn2U2

h
1
3

(2)
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where n is the Manning coefficient, U is the flow velocity, and h is the flow depth. Equation (2)
represents the most common approach adopted in most hydrodynamic software packages.
The Manning equation is not a reliable method in rivers; because the Manning roughness
coefficient considers the water depth and flow velocity as constant, which is different from
the actual conditions due to the non–uniformity of the flow and the presence of obstacles
in rivers [19]. Afzalimehr et al. (1999) showed that applying the Manning coefficient with
the assumption of uniform flow in a river is accompanied by an error of approximately
500% [20].

Bellos et al. (2018) proposed a new three–parameter flow resistance model for open
channels in which the bed shear stress is proportional to the flow velocity and inversely to
the water depth as the following [21]:

τ0

ρ
=

UA

BhC (3)

where A, B, and C are the three parameters of the flow resistance model. For A = 2,
B = 1/(gn)2, and C = 1/3, this model is the same as the classic flow resistance model
(Equation (2)), which is based on the Manning equation. Therefore, it can be concluded
that the classic flow resistance model is a particular case of the proposed resistance model
that includes three parameters instead of one parameter. This model is valid for all flow
and roughness properties, and it is proposed to replace the Manning equation in flood
simulation models. By combining Equations (1) and (3), the flow velocity is calculated as
the following:

U =
(

gBRC+1S f

) 1
A (4)

Equation (4) estimates the flow velocity by considering the effect of vegetation patch
and roughness size through coefficients A, B, and C, to better evaluate the flow resistance.
The three parameters of the mentioned flow resistance model (A, B, C) are calibrated based
on random data from a uniform probability distribution of water depth, flow velocity,
and roughness height; however, it has not been calibrated based on laboratory and field
data. In addition, the effect of vegetation has not been considered for calibration of these
parameters, which must be considered. This research aims to calibrate this model based on
different bed shear stress methods by considering vegetation patches. There are various
methods for calculating bed shear stress. In this study, three widely used methods have
been implemented to calibrate the three–parameter flow resistance model. The descriptions
of these three methods are given below.

Shear velocity and local bed shear stress can be calculated using the relationship based
on the boundary layer characteristics as follows [22]:

u∗ =
(δ∗ − θ)umax

Cδ∗
(5)

τ0 = ρu2
∗ (6)

δ∗ =
∫ h

0

(
1− u

umax

)
dy (7)

θ =
∫ h

0

u
umax

(
1− u

umax

)
dy (8)

where δ∗ and θ are the thickness of the boundary layer displacement and the thickness
of the momentum, respectively; umax is the maximum velocity in the velocity profile,
and C is a constant value obtained in coarse–bed rivers which is equal to 4.4 [23]. The
researchers have used boundary layer characteristics for sandy and gravely beds in the last
20 years [18,24,25]. This method is not applicable in boulder–bed rivers.
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The velocity profile in the inner layer where the viscosity is dominant follows a
logarithmic law and is as follows:

u
u∗

=
1
k

ln
(

z
ks

)
+ Br (9)

where z is the distance from the bed, ks is the equivalent roughness height, k is the Von
Kármán constant, and Br is the integration parameter. The logarithmic law method for
determining the bed shear stress is one of the most valid methods. The following points
are significant about this method:

• Emadzadeh et al. (2010) and Fazlollahi et al. (2007) showed that the Von Kármán
constant is less than 0.4 in the conditions of sediment transfer and more than 0.4 in the
presence of the bed form; and in the absence of these cases, it is equal to 0.4. In this
study, the value of 0.4 has been used [26,27]. Naderi et al. (2021) found a value of 0.4
for reaches with vegetation cover when there is no sediment transport, and the effect
of bedforms is insignificant [28].

• Different researchers have found different values for ks; For example, Song and Chiew
(2001) presented the value of 0.25 d50 and Alonso et al. (2009) presented the value
of 2.4 d90. The amount suggested by Alonso et al. (2009) has been used in this
study [29,30]. In this study, to show the effect of larger particles on surface roughness
in coarse rivers, ks = 2.4 d90 was considered.

• In coarse–bed rivers, there may be a flow between the coarse–grained particles and
below the measured points; therefore, the flow has a velocity at zero depth and cannot
be considered zero. Therefore, to solve this problem, a concept called hypothetical line
is used. A hypothetical line is a line on which the velocity is zero. This line is defined
as follows:

z = zmeas + αdp (10)

Song and Chiew (2001) suggested a value of 0.25 for α, which is also considered in
this study. Different researchers have proposed different values for p. The value of d84 is
usually used to show the greater effect of larger particles on surface roughness in coarse–
bed rivers [29]. According to the hypothetical line definition, the final relationship of the
logarithmic law method that is valid in the inner layer of the flow is as follows:

u =
u∗
k

ln
(

z + 0.25d84

d84

)
+ Bru∗ (11)

To determine the shear velocity and bed shear stress using a logarithmic law, the
validity range of this law must first be calculated. The coefficient of determination index
(R2) is used to determine the validity range of the logarithmic law. Depth with the highest
coefficient of determination is considered the upper limit of the logarithmic law. After
regression between u and ln

(
z+0.25d84

d84

)
and calculation of the slope of the regression line

(m) and y–intercept (b), the following equations are used to calculate the shear velocity, bed
shear stress, and integration constant:

u∗ = mk→ τ0 = ρu2
∗ (12)

Br =
b

u∗
(13)

Another method for estimating shear stress is the Darcy–Weisbach method, which is
defined as follows:

τ0 =
f
8

ρU2 (14)

where f is the Darcy–Weisbach friction factor. In this study, the method proposed by Bellos
et al. [21] was used to calculate the Darcy–Weisbach friction factor (Equation (15)).
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The main difference between this research and other research presented in the literature
is the use of field data to validate different methods of bed shear stress in the presence of
vegetation patches. The originality of this research is the use of field measurements for
calibration and validation of the flow resistance model.

To achieve the research objectives, the research assumptions include the following:

• The selected reaches have a direct path without the presence of obstacles such as boulders.
• The transfer of sediment from the bed is insignificant.
• The wind velocity in the area does not affect the velocity profiles.
• There is no flexibility in vegetation patches and deformation during data collection.

In many seasonal rivers in dry regions, there is no flow in rivers. This leads to growing
vegetation patches through rivers. However, no research has reported the influence of
these patches on flow resistance estimation. This study applies different methods of shear
stress estimation and reveals that the most suitable method to predict flow resistance is the
three–parameter flow resistance model.

This paper consists of four main sections. In the first section, the theoretical founda-
tions and various relationships for calculating the shear stress of the bed are discussed.
The materials and methods section explains how to measure the data and calculate the
parameters used in this study. In the results section, different methods of bed shear stress in
the presence of vegetation patches are compared and analyzed. Finally, the main findings
of the research are presented.

2. Materials and Methods
2.1. Reaches Location

Several factors are considered in choosing the appropriate reach in the river, the
most important of which is the safety of the researcher and the objectives of the research.
Accordingly, the flow velocity and the average depth of the selected reach should be such
that the data collection is done with minimal errors and fluctuations and the researcher’s
safety is not risked. According to these points, finally, two reaches of Shapur River (Fars
province), one reach of Fahlyan River (Fars province), and one reach of Dalaki River
(Bushehr province) were selected. All three selected rivers are located in Iran. Figure 1
shows the geographical location of the studied reaches.

The selected reaches had a straight path without physical obstacles such as boulders.
Data collection time started in February 2021 and ended in April 2021. A summary of
the general information of the selected reaches is presented in Table 1. In the table, Lr
is the reach length, D is the average hydraulic depth, W is the average width, S0 is the
longitudinal slope, and Q is the discharge. According to the table, Shapur1 and Shapur2
have the highest cross–section width and depth of the flow, respectively, and the largest
discharge belongs to Shapur1. Brierley and Fryirs (2005) stated that the longitudinal slope
for sandy and gravely rivers is in the range of 0.05% to 0.5%, which in this study is in the
same range for the longitudinal slope as well [31].

Table 1. Summary of general information of selected reaches.

Q
(m3/s)

S0
(%)

D
(m)

W
(m)

Lr
(m) Latitude Longitude Reach Name

3.25 0.25 0.34 30.74 43 51◦26′ N 29◦35′ E Shapour1
3.00 0.21 0.40 24.58 30 51◦26′ N 29◦35′ E Shapour2
0.86 0.16 0.30 17.56 35 51◦27′ N 30◦14′ E Fahlyan
1.39 0.25 0.24 10.15 28 51◦26′ N 29◦16′ E Dalaki
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2.2. Vegetation Patches in Selected Reaches

The four studied reaches were selected with different amounts of vegetation patches.
Shapur1 and Dalaki reaches on their left bank (looking downstream) have emerged vege-
tation patches. There are scattered submerged vegetation patches in the bed of these two
reaches with different dimensions. Selected reaches in the Fahlyan and Shapu2 rivers have
submerged vegetation patches in the bed and emerged vegetation patches on their right
bank. The average height of submerged vegetation patches in Shapur1, Shapur2, Fahlyan,
and Dalaki reaches were 18, 15, 12, and 9 cm, respectively. Figure 2 shows some vegetation
patches in the selected reaches. Table 2 presents the characteristics of the vegetation patches
of the reaches, and average relative submergence (ratio of vegetation patch height to flow
height), cross–sectional blockage factor (area of the cross–section occupied by the vegeta-
tion patch), surface blockage factor (area of the study reach occupied by the vegetation
patch), and volumetric blockage factor (ratio of volume covered by vegetation patch to
canal volume) are hp

h , BX, BA, and BV, respectively.

Table 2. Vegetation patches’ characteristics of the reaches.

BV BA BX hp
h

Reach Name

0.062 0.118 0.089 0.59 Shapur1
0.035 0.088 0.108 0.37 Shapur2
0.054 0.039 0.082 0.48 Fahlyan
0.083 0.145 0.135 0.39 Dalaki
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Figure 2. Some vegetation patches in selected reaches.

2.3. Measured Data

Measurement data in this study include velocity measurement, surveying operations,
and sampling of bed sediments, respectively. The order of data measurement in river
engineering is important; for example, if sampling of bed sediments is done before sur-
veying operations, changes in riverbed level may cause the surveying operation data
to be inaccurate.

2.3.1. Velocity Measurement

Velocity measurement at different points and depths of the stream is one of the
essential tasks in river engineering studies. Various velocimeters are used to measure flow
velocity. The most common velocimeter for measuring point velocity in field studies is the
butterfly current meter (BCM), which was also used in this study. To reduce the error in
velocity measurement, in this study, the measurement time was considered 20 seconds,
and the number of repetitions in velocity measurement was considered 3 to 5 times. In
velocity profiles, the number of measured points near the bed (inner layer) was considered
more so that the distance between the measuring points was 0.5 cm. In each reach, 4 to 5
cross–sections, and in each cross–section, 3 to 4 velocity profiles, one of which was located
in the middle of the cross–section, were measured. Moreover, 16 to 22 points (an average of
19 points) were considered in each profile. In addition, to calculate the discharge in each
cross–section more accurately, the flow velocity was measured at 0.2 and 0.8 depths from
the bed at a distance of 1 m in each cross–section. For example, for the first cross–section of
Shapur1, which had a width of 28.4 m, four velocity profiles with an average of 19 points per
profile and 28 two–point velocity profiles were measured. Figure 3 shows the measurement
of velocity at selected reaches. Table 3 shows the number of velocity measurement points
at the four selected reaches. In the Table, Np is the number of velocity measurement points
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in the 19–point profile, NTP is the number of velocity measurement points in the two–point
profile, and Fr is the frequency of velocity measurements by considering 3 to 5 repetitions
at each point. According to the table, the total velocity of 2174 points has been measured in
these four reaches, which by considering 3 to 5 repetitions for each point, the total number
of velocity measurements is 8184 times.
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2.3.2. Surveying Operations

In order to calculate the area, wet perimeter of cross–sections, longitudinal slope, and
the dimensions of vegetation patches in the studied reaches, in this study, Leica TS02 Total
Station Camera was used. For surveying, the selected reaches were networked by ropes
with dimensions of 1 m in the longitudinal direction and 0.5 m in the cross–section direction
of the river, and then the surveying was performed. Figure 4 shows the surveying in the
studied reaches. Table 4 presents the number of surveyed points in the studied reaches. In
the table, NB is the number of surveyed points from the riverbed, and NV is the number
of surveyed points from the vegetation patches. DB and DV are the density of surveyed
points for riverbed and vegetation, respectively. According to Table 4, a total of 7272 points
(including bed and vegetation patches) have been surveyed.
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Figure 5 shows images of the plan of selected reaches along with the position of the
measured profiles (including two–point and 19–point profiles) and surveyed points. In
this figure, the black dots indicate the places where the surveying was done, and in the red
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dots, the velocity profile was also measured in addition to the surveying. Cross–sections
were selected to measure velocity and mapping as perpendicular to the flow direction.

Fluids 2022, 7, x 10 of 23 
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2.3.3. Sampling of Bed Sediments

Using Wolman’s method, 100 particles were randomly sampled in each cross–section in
the central, left bank, and right bank axes to present grain size distribution (Figures 6 and 7) [32].

Table 3. The number of velocity measuring points in the four studied reaches.

Fr NP + NPT NTP NP
Profiles Measured

Number
Cross–Section

Number
Reach
Name

2630 698 303 395 20 5 Shapur1
1902 516 194 322 16 4 Shapur2
1992 560 175 385 20 5 Fahlyan
1660 400 98 302 15 5 Dalaki

8184 2174 770 1404 71 19 Sum
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Table 4. The number of surveyed points in studied reaches.

DV
(Point/m2)

DB
(Point/m2) NV NB Reach Name

12 2 358 2745 Shapur1
12 2 286 1554 Shapur2
12 2 195 1302 Fahlyan
12 2 228 604 Dalaki
- - 1067 6205 Sum

2.4. Calculation of Darcy–Weisbach Friction Factor

Bellos (2018) presented a relationship for estimating the Darcy–Weisbach friction
factor that is valid for all flow regimes (from laminar to turbulent) and depends on the flow
characteristics (water depth and flow velocity) and the roughness height as follows [21]:

f =

(
24
Rh

)α

×
[

0.86eW(1.35Rh)

Rh

]2(1−α)b

×

 1.34[
ln
(

12.21 h
ks

)]2


(1−α)(1−b)

(15)
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where Rh is the Reynolds number of the flow and ks is the roughness height. In this study,
the value of ks = 2.4 d90 has been used [30]. The parameters α, b, and W(1.35 Rh) are defined
as follows:

α =
1

1 + ( Rh
678 )

8.4 (16)

b =
1

1 + ( Rh
150 h

ks
)

1.8 (17)

W(1.35Rh) = ln(1.35Rh)− ln[ln(1.35Rh)] +
ln[ln(1.35Rh)]

ln(1.35Rh)

+ ln[ln(1.35Rh)]
2−2ln[ln(1.35Rh)]

2[ln(1.35Rh)]
2

(18)

2.5. The General Framework of This Research

In this research, first, the bed shear stress is calculated using logarithmic law methods,
boundary layer characteristics, and the Darcy–Weisbach method. Then, these methods are
compared with each other. Finally, the three–parameter flow resistance model is calibrated
and validated based on these three methods. Figure 8 shows a summary of the overall
research framework.
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3. Results and Discussion
3.1. Sediment and Hydraulic Parameters

Sediment and hydraulic parameters of the flow in four selected reaches are presented
in Table 5. In the table, D is the hydraulic depth of the flow, Re is the Reynolds number,

Fr = U/(gD)1/2 is the Froude number, and σg =
√

d84
d16

is the geometric standard deviation
where d16 and d84 are the grain sizes that are larger than 16% and 84% of the bed material’s
mass, respectively. The difference in the amount of discharge in different cross–sections of
each reach is due to water supply for agricultural lands and urban irrigation downstream
of the selected reaches. The Froude number presented in Table 5 shows that in all cross–
sections, this number is less than 1; therefore, the flow in all four studied reaches is
sub–critical. The study of more than 100 reaches in Iranian rivers showed that the range
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of Froude number in mountainous rivers is 0.12 to 0.56, confirming this statement [28].
Moreover, the Reynolds number values show that the flow is turbulent in all four selected
reaches. According to Table 5, the particle size distribution of the bed in 74% of the cross–
sections is non–uniform where the geometric standard deviation is greater than 1.4 [33].

Table 5. Sediment and hydraulic parameters of reaches.

σg
d84

(mm)
d16

(mm) Fr Re A
(m2)

D
(m)

Q
(m3/s)

Section
Number Reach

1.59 49.00 19.33 0.15 484,524 11.53 0.406 3.44 1

Shpur1
1.44 47.00 22.67 0.14 425,096 11.10 0.383 3.08 2
1.67 52.00 18.67 0.17 405,308 10.52 0.329 3.24 3
1.73 46.67 15.67 0.24 456,342 9.36 0.284 3.76 4
1.76 42.33 13.67 0.20 370,611 8.67 0.277 2.90 5

1.66 53.33 19.33 0.16 431,846 9.37 0.360 2.81 1

Shpur21.58 50.67 20.33 0.17 512,777 9.68 0.383 3.24 2
1.59 43.00 17.00 0.15 486,667 9.84 0.410 3.92 3
1.45 47.67 22.67 0.15 542,123 10.06 0.437 3.12 4

1.41 46.67 23.33 0.13 225,339 4.87 0.295 0.93 1

Fahlyan
1.42 38.33 19.00 0.12 204,318 5.28 0.310 0.87 2
1.39 37.33 19.33 0.14 176,823 5.54 0.310 0.79 3
1.54 44.00 18.67 0.12 186,734 5.56 0.309 0.84 4
1.52 41.00 17.67 0.13 192,184 5.22 0.285 0.88 5

1.47 35.33 16.33 0.26 525,546 3.13 0.298 1.38 1

Dalaki
1.72 43.33 14.67 0.36 568,702 2.62 0.250 1.49 2
1.59 42.00 16.67 0.48 576,104 1.93 0.209 1.33 3
1.57 42.00 17.00 0.29 444,000 2.49 0.249 1.37 4
1.68 46.00 16.33 0.47 529,397 2.09 0.199 1.39 5

3.2. Velocity Profiles

As mentioned, 71 velocity profiles (19 points) were measured in 19 cross–sections in
this study. Figure 9 shows the velocity profiles measured in cross–sections number 2 and
4 of the reaches of Dalaki and Shapur2, respectively. In this figure, the unit of velocity is
meters per second (m/s). To better investigate the effect of vegetation patches on velocity
distribution, more data were collected close to the vegetation patch (See Figure 9A,B).
According to Figure 9A, in the profile located on the left bank near the patch of vegetation,
the dip phenomenon occurred due to the presence of vegetation and the generation of
secondary flows. In this figure, by moving away from the vegetation patch to the right
bank, the effect of this phenomenon is decreased, and the velocity distribution illustrates
an S–shaped form partly due to variations in the bed sediment. Other researchers have
reported S–shaped profiles in other sand and gravel bed streams [34,35].
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3.3. Validity of Logarithmic Law

Figure 10 shows the method of determining the validity of the logarithmic law in the
profiles of the central axis in the four selected reaches, where the black triangles indicate the
fitness of the logarithmic law to the inner layer data and green triangles indicate deviation
from the logarithmic law in the outer layer. In the figure, the profiles are named as (reach
name-cross-section number-distance from the right bank). For example, Sh1_1_14.2 shows
the existing profile in Shapur1 reach and the cross-section of No. 1 at a distance of 14.2 m
from the right bank. According to Figure 10, the coefficient of determination values (R2)
in all profiles are more than 90%, indicating the reasonable agreement of the logarithmic
law with the measured data in the inner layer. Investigation of the logarithmic law in
velocity profiles showed that the profiles located on the crest of the bedform (e.g., Sh1-3-16
and F-4-10) are more irregular than the profiles of the concave region of the bedform (e.g.,
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Sh1-1-14.2 and D-2-5.25). Moreover, the coefficient of determination values (R2) related to
the logarithmic law fit in these profiles was less than the profiles of the concave region. This
could be due to a sudden increase in velocity on the crest of the bedform and the occurrence
of the flow separation zone downstream of the crest [36]. In profiles where the outer layer
data are below the regression line, the favorable pressure gradient (∂p/∂x < 0) is dominant,
and if the deviation is above the regression line, the adverse pressure gradient (∂p/∂x > 0)
is dominant. According to this figure, in most profiles, the deviation of the outer layer data
is below the regression line, indicating the dominance of the adverse pressure gradient
(∂p/∂x > 0) due to increasing turbulence [37].
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3.4. Calculation of Shear Velocity

River engineers use indirect methods to estimate the bed shear stress. Three methods
of boundary layer (BL) characteristics, logarithmic law, and Darcy–Weisbach (DW) were
used to estimate the bed shear in this study. Table 6 shows the bed shear stress values cal-
culated using these three methods. The values of the Darcy–Weisbach friction factor in the
table were obtained using the method of Bellos et al. (Equations (15)–(18)). Due to the large
Reynolds number in the selected reaches, the values of α and b in Equations (16) and (17)
are almost equal to zero, which makes the first and second terms of Equation (15) approxi-
mately equal to one. Therefore, the Darcy–Weisbach friction factor depends only on the flow
depth and roughness height. For this reason, in Table 6, profiles with the same cross–section
and depth (for example, profiles Sh1_2_10 and Sh1_2_15) have an equal friction factor.

Table 6. Shear velocity and shear stress of the substrate calculated by different methods.

u*DW
( m

s )
τDW
( N

m2 ) f U
( m

s )
τBL
( N

m2 )
u*BL
( m

s )
θ

(cm)
δ*

(cm)
τLog
τLog

u*Log
( m

s ) α
Profile
Name

0.029 0.84 0.122 0.235 1.14 0.034 4.61 8.47 2.61 0.051 0.1278 Sh1_1_4.5
0.039 1.52 0.097 0.355 2.01 0.045 5.86 10.26 2.35 0.048 0.1212 Sh1_1_14.2
0.031 0.99 0.081 0.313 1.19 0.035 6.47 10.84 2.19 0.047 0.1169 Sh1_1_18.2
0.039 1.51 0.082 0.384 1.59 0.040 3.99 6.74 4.76 0.069 0.1724 Sh1_1_24.9
0.025 0.63 0.088 0.240 1.37 0.037 4.69 9.12 1.18 0.034 0.0859 Sh1_2_10
0.035 1.22 0.088 0.334 1.74 0.042 6.58 11.51 1.51 0.039 0.0971 Sh1_2_15
0.038 1.46 0.093 0.355 2.74 0.052 5.79 11.50 9.96 0.032 0.0789 Sh1_2_19.5
0.050 2.51 0.111 0.426 2.18 0.047 3.44 5.96 2.02 0.045 0.1124 Sh1_2_26
0.035 1.22 0.0128 0.276 1.57 0.040 3.66 7.00 3.65 0.061 0.1511 Sh1_3_11
0.046 2.07 0.107 0.393 2.33 0.048 5.22 8.94 3.03 0.055 0.1375 Sh1_3_16
0.041 1.71 0.118 0.340 2.27 0.048 4.45 8.27 4.17 0.065 0.1615 Sh1_3_18.4
0.049 2.40 0.095 0.451 3.97 0.063 5.12 9.94 5.56 0.074 0.1848 Sh1_3_26
0.037 1.35 0.145 0.273 3.44 0.059 3.06 7.00 9.9 0.099 0.2488 Sh1_4_10.5
0.035 1.23 0.165 0.244 2.76 0.053 3.53 7.90 0.82 0.029 0.0714 Sh1_4_14.5
0.049 2.35 0.123 0.392 2.53 0.050 2.99 5.55 4.50 0.067 0.1681 Sh1_4_16.5
0.057 3.28 0.104 0.503 5.71 0.076 5.45 10.59 3.10 0.056 0.1392 Sh1_4_25
0.036 1.30 0.141 0.272 2.20 0.047 3.50 7.06 2.66 0.052 0.1290 Sh1_5_9.3
0.051 2.60 0.118 0.420 3.21 0.057 3.56 6.54 5.20 0.072 0.1804 Sh1_5_15.65
0.062 3.81 0.100 0.551 5.70 0.076 4.37 8.23 8.73 0.093 0.2336 Sh1_5_22.3
0.021 0.45 0.118 0.175 0.71 0.026 5.55 9.82 1.47 0.038 0.0959 Sh1_5_27.3
0.024 0.57 0.091 0.224 2.84 0.053 7.95 20.42 0.225 0.015 0.0375 Sh2_1_8
0.044 1.95 0.078 0.447 2.10 0.046 7.63 12.08 2.36 0.049 0.1217 Sh2_1_13
0.040 1.60 0.073 0.419 2.33 0.048 9.92 16.47 2.04 0.045 0.1130 Sh2_1_15
0.024 0.56 0.091 0.223 2.81 0.053 8.07 20.57 0.28 0.017 0.0419 Sh2_1_18
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Table 6. Cont.

u*DW
( m

s )
τDW
( N

m2 ) f U
( m

s )
τBL
( N

m2 )
u*BL
( m

s )
θ

(cm)
δ*

(cm)
τLog
τLog

u*Log
( m

s ) α
Profile
Name

0.025 0.63 0.083 0.246 1.09 0.033 6.09 11.44 1.89 0.043 0.1087 Sh2_2_8
0.034 1.13 0.076 0.346 1.64 0.041 9.85 16.18 3.15 0.056 0.1404 Sh2_2_12.65
0.038 1.46 0.073 0.400 2.34 0.048 10.26 17.23 1.32 0.036 0.0909 Sh2_2_15.4
0.018 0.315 0.100 0.159 1.01 0.032 5.46 13.11 0.33 0.018 0.0459 Sh2_2_18.4
0.024 0.59 0.080 0.243 1.08 0.033 6.25 11.57 0.42 0.020 0.0510 Sh2_3_7
0.040 1.61 0.068 0.435 2.93 0.054 7.93 14.14 3.52 0.059 0.1484 Sh2_3_12
0.038 1.44 0.068 0.412 2.19 0.047 8.25 13.84 1.82 0.043 0.1067 Sh2_3_14
0.025 0.60 0.074 0.256 1.34 0.037 8.60 16.00 0.46 0.021 0.0535 Sh2_3_17
0.028 0.78 0.079 0.281 0.81 0.028 6.75 10.61 0.68 0.026 0.0654 Sh2_4_6
0.039 1.49 0.074 0.403 1.84 0.043 6.61 10.88 2.32 0.048 0.1206 Sh2_4_10.5
0.035 1.24 0.071 0.374 2.15 0.046 10.17 17.36 2.25 0.047 0.1185 Sh2_4_14
0.027 0.72 0.084 0.262 1.60 0.040 7.56 14.54 1.06 0.033 0.0814 Sh2_4_17
0.012 0.15 0.123 0.100 0.28 0.017 3.77 7.75 1.26 0.036 0.0889 F_1_4.5
0.023 0.54 0.129 0.183 1.26 0.036 3.75 8.28 1.22 0.035 0.0874 F_1_8.25
0.035 1.26 0.093 0.329 2.06 0.045 5.81 10.57 1.37 0.037 0.0925 F_1_11.5
0.028 0.79 0.087 0.272 1.47 0.038 8.57 14.89 2.39 0.049 0.1222 F_1_13.5
0.014 0.21 0.129 0.113 0.49 0.022 2.95 6.69 0.81 0.028 0.0710 F_2_6
0.024 0.58 0.129 0.190 0.98 0.031 3.14 6.15 2.72 0.052 0.1304 F_2_8.5
0.029 0.81 0.087 0.273 2.17 0.047 6.55 12.96 3.24 0.057 0.1423 F_2_11
0.026 0.65 0.081 0.254 0.98 0.031 5.08 8.93 1.05 0.032 0.0811 F_2_14
0.010 0.11 0.103 0.092 0.25 0.016 3.46 7.56 0.12 0.011 0.0271 F_3_5
0.014 0.20 0.113 0.120 0.74 0.027 3.15 8.54 0.34 0.018 0.0460 F_3_9
0.025 0.62 0.077 0.255 1.50 0.039 8.94 14.73 1.40 0.037 0.0934 F_3_13
0.019 0.035 0.079 0.188 0.58 0.024 7.48 12.63 2.65 0.052 0.1288 F_3_15
0.012 0.15 0.103 0.109 0.31 0.018 4.06 8.50 0.67 0.026 0.0646 F_4_8
0.016 0.26 0.099 0.144 0.44 0.021 4.64 8.83 2.27 0.048 0.1190 F_4_10
0.026 0.65 0.080 0.247 1.20 0.035 5.87 11.02 1.53 0.039 0.0979 F_4_13
0.022 0.49 0.090 0.209 0.72 0.027 5.84 10.19 1.83 0.043 0.1069 F_4_15
0.015 0.21 0.121 0.119 0.52 0.022 3.13 7.36 0.76 0.027 0.0687 F_5_5
0.017 0.28 0.102 0.148 0.70 0.026 4.04 9.09 2.22 0.047 0.1177 F_5_9.15
0.028 0.78 0.091 0.261 1.09 0.033 4.00 7.27 1.47 0.038 0.0959 F_5_12
0.022 0.48 0.089 0.208 0.80 0.028 4.59 8.65 2.25 0.048 0.1188 F_5_15
0.071 4.99 0.077 0.720 5.91 0.077 4.90 7.99 8.61 0.093 0.2320 D_1_3
0.046 2.10 0.082 0.454 2.01 0.045 3.60 5.74 1.76 0.042 0.1051 D_1_5.25
0.031 0.96 0.087 0.296 2.49 0.050 7.15 13.28 3.28 0.057 0.1432 D_1_6
0.086 7.37 0.115 0.717 10.72 0.104 2.72 5.54 18.00 0.134 0.3362 D_2_3
0.068 4.60 0.097 0.616 6.54 0.081 3.88 7.17 7.00 0.084 0.2093 D_2_5.25
0.062 3.84 0.100 0.554 4.04 0.064 3.28 5.64 3.56 0.060 0.1492 D_2_7.5
0.069 4.73 0.118 0.566 7.97 0.089 3.57 7.02 12.34 0.111 0.2778 D_3_1.55
0.070 4.94 0.128 0.556 6.56 0.081 3.04 5.70 45.27 0.213 0.5319 D_3_4.6
0.110 11.99 0.128 0.866 15.59 0.125 2.81 5.34 9.10 0.095 0.2385 D_3_6.05
0.061 3.76 0.091 0.574 7.22 0.085 7.11 12.59 8.47 0.092 0.2301 D_4_1.5
0.090 8.01 0.132 0.697 11.24 0.106 2.62 5.19 24.94 0.158 0.3948 D_4_5
0.051 2.57 0.124 0.407 10.49 0.102 3.59 9.58 26.18 0.162 0.4045 D_4_8
0.099 9.77 0.091 0.927 18.26 0.135 4.48 9.04 16.01 0.127 0.3163 D_5_2
0.133 17.61 0.211 0.818 20.15 0.142 1.51 3.36 71.18 0.267 0.6670 D_5_5.25
0.076 5.79 0.136 0.585 13.01 0.114 3.24 7.34 10.44 0.102 0.2554 D_5_9.5

Comparing the shear velocity calculated with three different methods in Table 6
shows that:

• The logarithmic law method reveals the highest range of changes in estimating the
shear velocity due to the sensitivity of this method to adjusting the reference level
and using the velocity variation near the bed. However, the Darcy–Weisbach method
shows the lowest range of changes in shear velocity estimation because it uses all data
measured in a velocity profile.
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• The boundary layer characteristics method is reliable in coarse–grained rivers for
calculating shear velocity [23] because it considers all velocity data in each profile.
It was found that the relative differences between the logarithmic law and Darcy–
Weisbach methods compared to the boundary layer characteristics method are equal
to 87% and 39%, respectively, which indicates more reasonable agreement between
Darcy–Weisbach method and the boundary layer characteristics method.

In this research, the relative difference in the percentage of the logarithmic law and
Darcy–Weisbach methods was calculated and compared to the boundary layer characteris-
tics using the following equation:

E =
n

∑
i=1

1
n

∣∣∣∣u∗Log or Dw − u∗BL

u∗BL

∣∣∣∣× 100 (19)

where n is the total number of data.

3.5. Calibration of Three–Parameter Flow Resistance Model

The three–parameter flow resistance model presented in Equation (3) has two inde-
pendent variables (depth h and flow velocity v) and three constant parameters (A, B, C).
After calculating the shear velocity using the three methods, the constant parameters (A,
B, C) of the three–parameter flow resistance model were determined through the best fit
between the results obtained from each method and the results of the three–parameter flow
resistance model. This was done using the MATLAB software curve fitting toolbox.

In this study, 90% of the profiles (64 profiles) were used for calibration, and 10%
(7 profiles) were used to validate the three–parameter flow resistance model. Table 7 shows
the calibration results of the mentioned model using three methods of boundary layer
characteristics, logarithmic law, and Darcy–Weisbach. According to the table, the Darcy–
Weisbach method has the highest coefficient of determination (R2) and the lowest root mean
square error (RMSE), suggesting the ability of the Darcy–Weisbach method to calibrate
the three–parameter flow resistance model compared to other methods. In addition, the
logarithmic law method has the lowest coefficient of determination (R2) and the highest root
mean square error (RMSE), revealing the low accuracy of the logarithmic law method for
calibrating the three–parameter flow resistance model. The value of coefficient A (velocity
power) obtained using Darcy–Weisbach method and the boundary layer characteristics are
close to each other due to the use of all points of the velocity profile. Figure 11 shows the
fitted surface on the data obtained using the three methods.

Table 7. Calibration results of three–parameter resistance model using three different methods.

RMSE R2 Model C B A Method

0.1608 0.9929 τ0
ρ = v1.937

141.80h0.5131 0.5131 141.80 1.937 Darcy–Weisbach

1.3110 0.8461 τ0
ρ = v1.955

94.33h0.5977 0.5977 94.33 1.955 boundary layer characteristics

4.587 0.5938 τ0
ρ = v1.625

251.50h1.638 1.638 251.50 1.625 logarithmic law
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3.6. Validation of Three–Parameter Flow Resistance Model

Since it is difficult to measure the bed shear stress in field research directly, it is
impractical to calculate the model accuracy by comparing the bed shear stress calculated
with the measured one. Therefore, to validate and calculate the model accuracy in this
study, the amount of flow velocity calculated by the model (Equation (4)) was compared
with the flow velocity measured by the current meter. Since the Darcy–Weisbach method
has the highest accuracy in model calibration, only the calibration results using this method
were used to validate the model. As mentioned, 10% of the velocity profiles (7 profiles)
were used to validate and calculate the model accuracy. In Figure 12, the velocity value
calculated using the three–parameter flow resistance model is compared with the velocity
values measured by the current meter. According to this figure, the three–parameter flow
resistance model in 6 of 7 profiles (86%) estimates values higher than the measured values.
The average error of the model was calculated to be 17%, which indicates the high accuracy
of the model in estimating the velocity and consequently the bed shear stress. It should
be noted that up to 200% error is acceptable in estimating certain fluvial parameters [38].
Reasons for accepting this amount of error in river engineering are:

• Difficulty working in the river with rough bed and non–uniform flow;
• Difficulty working with high–precision measuring instruments in field research;
• Not recognizing all the factors affecting error production;
• Assumptions and simplifications performed that generate errors.
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4. Conclusions

Resistance to flow is a key parameter in river engineering studies and its estimation
plays a significant role in engineering models. Accordingly, in this study, resistance to
flow was estimated in four reaches of coarse–bed rivers with vegetation patches using
three methods of boundary layer characteristics, logarithmic law, and Darcy–Weisbach.
In addition, the coefficients of the three–parameter flow resistance model (A, B, C) were
calibrated based on these three methods using 90% of the data. In summary, the following
results can be presented:

1. The three–parameter flow resistance model shows that the average error percentage
of the model is 17%, indicating the accuracy of the model.

2. The logarithmic law method has the highest range of changes in estimating the bed
shear stress compared to the methods of Darcy–Weisbach and the boundary layer
characteristics method. This is due to the sensitivity of the logarithmic law method to
adjusting the reference surface and using the near bed data of the velocity profile. The
Darcy–Weisbach method reveals the lowest range of changes.

3. The relative difference percentages between the logarithmic law and the Darcy–
Weisbach methods compared to the boundary layer characteristics method were
equal to 87% and 39%, respectively. This indicated a more reasonable agreement
between the Darcy–Weisbach method and the boundary layer characteristics method.

4. By investigating 71 measured velocity profiles, it was found that the logarithmic
law was well applicable in reaches with vegetation patches. A high coefficient of
determination (R2 > 0.9) in fitting the velocity profile data to the logarithmic law
indicated their reasonable agreement with this law.

5. The investigation of measured velocity profiles shows the occurrence of the Dip
phenomenon in the velocity profiles near the vegetation patches. However, by moving
away from the vegetation patches, the effect of this phenomenon is decreased, and
the profiles illustrate an S–shaped distribution. The Dip location plays a significant
role in the boundary layer thickness and estimation of key hydraulic parameters.

The results of this study can be used in many environmental models, including fluvial
geomorphology, and mountain rivers with vegetation patches in order to improve the flow
resistance evaluation and its application in hydraulic models.
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