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A B S T R A C T   

In this paper, a theoretical open channel flow resistance equation was verified using flow depth and discharge 
measurements carried out by Freeman et al. in a large channel, 2.44 m wide, for ten different types of uniform- 
sized plants (shrubs and woody vegetation). The plants, which are broadleaf deciduous vegetation commonly 
found in floodplains and riparian zones, were placed in staggered rows inside the channel whose bed was 
constructed to accept plants with their root systems. For each species, the available measurements were carried 
out by Freeman et al. with plants having different values of plant density, height, and bending stiffness. The 
available literature database (87 measurements) was divided into two groups which were separately used to 
calibrate and test the theoretical approach. In particular, 46 measurements were used to calibrate the rela-
tionship between the scale factor Γ of the velocity profile, the Froude number, and the channel slope. This 
relationship was calibrated using the entire available dataset or varying the scaling coefficient a with the 
investigated vegetation type. The measured values of the Darcy-Weisbach friction factor, obtained by the 
measured flow velocity, water depth and slope values, were compared with those calculated by the theoretical 
flow resistance law, coupled with the relationship for estimating the Γ function having a scaling coefficient 
different for each investigated vegetation type. This comparison allowed to demonstrate that an accurate esti-
mate of the Darcy-Weisbach friction factor (errors less than or equal to ±10% for 87% of the investigated cases) 
can be obtained. However, for the investigated vegetation species, that are characterized by a large range of 
bending stiffness, also a mean value of the scaling coefficient a equal to 0.3283 allows an accurate estimate of the 
Darcy-Weisbach friction factor.   

1. Introduction 

Discharge measurement is a consistent objective of hydrometry 
which can be performed applying different methods. For instance, a 
common method of discharge measurements applied for rivers is the 
slope-area method. The latter allows for calculating the discharge using 
Manning or Darcy-Weisbach equation combined with the measurements 
of bed slope, cross-section area, hydraulic radius, and an estimate of the 
channel boundary roughness. 

Modeling flow resistance in vegetated channels is useful to estimate 
the risk of flooding and to plan scientifically-driven flood mitigation 
strategies [1]. During a flood event, vegetation, having a branch struc-
ture and leaves, is able to reduce mean flow velocity and channel 
conveyance capacity and to increase water depths [2]. Vegetation in-
fluences the morphological processes controlling river channel evolu-
tion and reduces flow velocity and shear stress affecting sediment 
deposition [3,4]. Riparian vegetation also has a relevant role in 

landscape stability and reduces pollutant loads of flows entering wa-
terways [5]. 

Estimating friction factors for open-channel flows is a challenging 
topic useful for bioengineering practices and programming the man-
agement of riparian vegetation in rivers [6]. 

Notwithstanding flow resistance of vegetated channels is a well- 
studied problem, the obtained results are characterized by applica-
bility limits due to the biodiversity of vegetation and, therefore, to the 
different hydraulic behavior depending on the mechanical behavior [7]. 
Flexible grass-like vegetation, for which a widespread literature is 
available [4,8–14], is commonly completely submerged as its height hs is 
small in comparison with the flow depth h [8]. The hydraulic behavior 
varies if the elements are emergent, for h < hs, or completely submerged 
(h > hs). Grass-like vegetation elements are generally submerged and 
assume a different configuration (erect, waving, prone) [4,8] related to 
the vegetation bending stiffness and the hydrodynamic flow action. 
Kouwen’s method is the most applied for the case of grass-like vegetated 

* Corresponding author. 
E-mail address: alessio.nicosia@unipa.it (A. Nicosia).  

Contents lists available at ScienceDirect 

Flow Measurement and Instrumentation 

journal homepage: www.elsevier.com/locate/flowmeasinst 

https://doi.org/10.1016/j.flowmeasinst.2023.102308 
Received 26 September 2022; Received in revised form 9 December 2022; Accepted 3 January 2023   

mailto:alessio.nicosia@unipa.it
www.sciencedirect.com/science/journal/09555986
https://www.elsevier.com/locate/flowmeasinst
https://doi.org/10.1016/j.flowmeasinst.2023.102308
https://doi.org/10.1016/j.flowmeasinst.2023.102308
https://doi.org/10.1016/j.flowmeasinst.2023.102308
http://crossmark.crossref.org/dialog/?doi=10.1016/j.flowmeasinst.2023.102308&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Flow Measurement and Instrumentation 89 (2023) 102308

2

channels and states that the Darcy-Weisbach friction factor f increases 
with the stem density as the used stem density M values (7.5–50 stems 
dm− 2) were less than the threshold value, M*, for which the 
quasi-smooth skimming flow regime occurs [15]. Carollo et al. [12,13, 
16,17] carried out some laboratory experiments using three grass 
vegetation species (Lolium perenne, Festuca rubra, and Poa pratensis) 
characterized by four stem density values M (280, 310, 337, and 440 
stems dm− 2). The measurements (280 ≤ M ≤ 440 stems dm− 2) of Carollo 
et al. [12] joined with those of Kouwen et al. [8] (M = 50 stems dm− 2), 
Wilson and Horritt [18] (M = 25 stems dm− 2), and Raffaelli et al. [19] 
(10.2 ≤ M ≤ 20.4 stems dm− 2) demonstrated that for low stem density 
values (M ≤ 50 stems dm− 2) f increases with M while for high values of 
M the quasi-smooth (skimming) flow regime [20] occurs and the 
invariance of the friction factor with the stem density is expected [15]. 

Riparian vegetation is frequently composed of rigid, erect, and non- 
submerged elements and the application of the results obtained for 
grass-like vegetation [12,18,19] is quite limited. The hydraulic behavior 
of rigid and non-submerged vegetation was generally studied by flume 
investigations with artificial elements similar to natural plants [21,22] 
and with real plants or tiny portions of green vegetation [23,24]. The 
experimental runs were rarely carried out using fully developed vege-
tation in real flow conditions [24,25]. Järvelä [26] observed that the 
Darcy-Weisbach friction factor was mostly dependent on the relative 
roughness, the flow velocity, or the flow depth depending on the 
examined condition (submerged and unsubmerged). Järvelä [27] also 
developed a method to determine the Darcy-Weisbach friction factor f 
caused by stiff and flexible woody vegetation (leafless or leafy bushes or 
trees). The applicability of the proposed method is limited to 
non-submerged flow and relatively low flow velocity (≤1 m s− 1), which 
are typical conditions in low-gradient stream valleys, floodplains, and 
wetlands. The accuracy of the approach to estimate f gave better results 
for the leafless condition as compared to the leafy one. 

Rhee et al. [23] carried out some experiments in two large laboratory 
flumes to investigate the flow resistance of three different vegetation 
species typical of the Korean region (Zoysia matrella (Korean zoysia), 
Pennisetum alopecuroides (L.) Spreng. (Korean native vegetation) and 
Phragmites communis Trin. (Korean reed)). For each vegetation species, 
the experiments allowed to obtain the ‘n-VR’ retardance curves, in 
which n is the Manning’s coefficient, V is the mean flow velocity, and R 
is the hydraulic radius. The experimental runs were carried out by a 
“green” vegetation state, in which the tested vegetation was fully green 
and in an active growing state, and in a “dormant” state in which 
vegetation was inactive and started to be wilted or dead. Rhee et al. [23] 
concluded that the friction factor of dormant vegetation is usually 
smaller than those of the green state and the largest hydraulic resistance 
corresponds to a flow affected by both leaves and stems. 

Shi et al. [28] found an inverse relationship, independent of vege-
tation (Hydrilla verticillata) density (stems m− 2), between the Manning’s 
roughness coefficient n and the depth-averaged flow velocity. 

Errico et al. [14,29] carried out field investigations to study the effect 
of the vegetation distribution in drainage channels colonized by Phrag-
mites australis. The impact of vegetation and different management 
scenarios (full-vegetated in natural conditions, bank removal or cutting 
the vegetation in the central part of the channel, extensive cutting of 
vegetation) on flow resistance, flow velocity distribution, and flow 
turbulence was investigated. These investigations allowed to conclude 
that (i) the increase of flow velocity determines a plant reconfiguration 
due to drag effects which reduces flow resistance, (ii) the preservation of 
an undisturbed vegetation buffer on a bank gives hydraulic conditions 
similar to that of a total cutting of vegetation, and (iii) clearing the 
vegetation in the central part of the channel increases the channel 
conveyance to values similar to those obtained by a total cutting of the 
vegetation. 

Small-scale experiments carried out by laboratory flumes allow to 
detect the interaction between vegetation and flow under controlled 
conditions. However, these laboratory investigations could be 

characterized by scaling problems related to vegetation properties and 
flow hydraulics and their results should be carefully generalized to 
natural large-scale conditions. Full-scale experiments allow to investi-
gate the actual interaction between vegetation (stiffness, stem concen-
tration, branching, foliation) and flow characteristics occurring in field 
conditions [30,31]. Freeman et al. [25] used a large flume to measure in 
situ flow resistance and obtained power flow resistance equations for 
submerged and partially submerged conditions. Recently Chiaradia 
et al. [31] used a full-scale channel to investigate the flow resistance law 
for three species of shrubs (Alnus glutinosa L., Salix alba L. and Salix 
caprea L.). These Authors detected a shrub-vegetation behavior due to 
the plant-flow interaction, which was not previously captured by 
small-scale experiments. For low values of the product VR the riparian 
vegetation behaves as a rigid body and, as a consequence, flow resis-
tance increases with VR. For increasing VR values a new hydraulic 
behavior is detected: the flow resistance decreases as a result of stem and 
branch bending and/or leaf-branch compaction. No functional rela-
tionship between vegetation Manning’s coefficient and variables 
representative of flow and plant characteristics was obtained. 

Currently, flow resistance in open channels is estimated by well- 
known hydraulic equations such as Manning’s and Chezy’s [15,32, 
33]. The developed review analysis showed that the resistance coeffi-
cient for vegetated channels is expressed by Manning n or 
Darcy-Weisbach f for which the following relationship can be provided 
[34]: 
̅̅̅
8
f

√

=
V
u∗

=
R1/6

̅̅̅g√ n
(1)  

in which V is the cross-section average velocity, u* =
̅̅̅̅̅̅̅̅̅̅
g R s

√
is the shear 

velocity, g is the acceleration due to gravity and s is the channel slope. 
To the best of our knowledge, Manning’s n has been generally used to 

analyze measurements carried out in vegetated waterways, while 
theoretical analyses were developed using f [8–12]. 

From a theoretical point of view, the flow-resistance law can be 
obtained by the integration of a known flow-velocity distribution in the 
cross-section law [35–37]. In previous papers, a power-velocity distri-
bution, deduced by dimensional analysis and the self-similarity theory, 
was integrated to obtain the Darcy-Weisbach friction factor [36,38]. The 
applicability of this flow resistance equation was tested for gravel-bed 
rivers [38], rill flows [39] and overland flows [40]. Ferro [4] cali-
brated and tested a theoretical flow resistance law using available 
small-scale laboratory measurements carried out with grass-like vege-
tation by Kouwen et al. [8], Wilson and Horrit [18], Raffaelli et al. [19] 
and Carollo et al. [12]. Nicosia et al. [41] calibrated and tested the 
theoretical flow resistance law proposed by Ferro [4] using the mea-
surements by Chiaradia et al. [31]. The developed analysis demon-
strated that the theoretical flow resistance law coupled with the 
relationship for estimating the velocity profile parameter, having a 
scaling factor different for each investigated vegetation type, allows the 
best estimate of the Darcy-Weisbach friction factor (estimate errors less 
than or equal to 20% for 82.6% of the cases). 

A significant research need is to solve the lack of approaches to es-
timate flow resistance for vegetated channels characterized by rigid 
vegetation, such as that made by woody vegetation and shrubs. The 
greatest limit of the few studies available in the literature is represented 
by the small number of flow velocity and resistance measurements 
performed for full-scale channels characterized by woody vegetation 
and shrubs. Moreover, these studies present the results in terms of 
Darcy-Weisbach friction factor f or Manning’s n following empirical 
approaches. While, a theoretical approach, capable overcoming the gap 
between the flow velocity distribution and the flow resistance law, could 
be a major tool for studying hydraulics of flows in vegetated channels. 
For these reasons, in this paper, the theoretical approach by Ferro [4] 
was tested by measurements carried out by Freeman et al. [25] in a 
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large-scale flume with shrub and woody vegetation. In particular, 
testing the relationship between the Darcy-Weisbach friction factor f and 
variables representative of flow and plant characteristics, the main novel 
element is the introduction of the slope as a parameter of the equation, 
as compared to that developed by Nicosia et al. [41] for a full-scale 
vegetated channel, and considering the influence of the rigid vegeta-
tion types on flow resistance. Consequently, the main objectives of this 
paper are to (i) test the applicability of the theoretical approach by Ferro 
[4] for a large-scale flume with shrub and woody vegetation, and (ii) 
assess the effect of each vegetation type on flow resistance. 

2. Materials and methods 

2.1. Theoretical flow resistance equation 

Since the Π-Theorem of the dimensional analysis and self-similarity 
theory [35,42] can be used to obtain a functional relationship repre-
senting the flow velocity distribution, the following expression of the 
velocity profile can be suggested [37]: 

y
u∗

dv
dy

=φ
(

u∗ y
νk

,
u∗ h
νk

,
h
d
, s,F

)

(2)  

in which v is the local velocity, y is the distance from the bottom, νk is the 
water kinematic viscosity, s is the channel slope equal to the tangent of 
the slope angle, φ is a functional symbol, d is the roughness height and F 
= V/

̅̅̅̅̅̅
g h

√
is the flow Froude number. 

Assuming the Incomplete Self-Similarity in u*y/νk [36] and inte-
grating Eq. (2), Ferro [36,38] obtained the following power velocity 
distribution: 

v
u∗

=

[
1
δ

φ1

(
u∗ h
νk

,
h
d
, s,F

)](
u∗y
νk

)δ

(3)  

in which φ1 is a functional symbol and δ is a coefficient to be calculated 
by the following theoretical equation [43]: 

δ=
1.5

ln Re
(4)  

in which Re = V h/νk is the flow Reynolds number. 
Taking into account that the ratio between u*h/νk and h/d is equal to 

the shear Reynolds number Re* and that F is related to the depth sedi-
ment ratio h/d and Re* [38], Eq. (3) can be expressed in the following 
form: 

v
u∗

=Γ(s,F )

(
u∗y
νk

)δ

(5)  

in which Γ(s, F) is a function of channel slope and flow Froude number to 
be defined by velocity measurements. 

Integrating the velocity distribution (Eq. (5)), the following expres-
sion of the Darcy-Weisbach friction factor f is deduced [36,37]: 

f = 8
[
(δ + 1)(δ + 2)

21− δ Γ Reδ

]2/(1+δ)

(6)  

which is independent of R, differently from measured Darcy-Weisbach 
friction factor having the following expression: 

f =
8 g R s

V2 = 8
s

F2

(
R
h

)

(7) 

From Eq. (5) the following estimate Γv of Γ function [36,37] can be 
obtained by setting y = α h, being α h the distance from the bottom at 
which the local velocity is equal to the cross-section average velocity V: 

Γv =
V

u∗

(
u∗ α h

νk

)δ (8) 

The coefficient α is less than 1 and takes into account that: a) the 
average velocity V is located below the water surface and, b) the mean 
velocity profile in the cross-section is considered (i.e., the velocity 
profile is obtained by averaging for each distance y the velocity values v 
measured in different verticals, and its integration gives the cross- 
section average velocity). The coefficient α has to be calculated by the 
following theoretical relationship deduced by Ferro [36]: 

α=

[
21− δ

(δ + 1)(δ + 2)

]1/δ

(9) 

In the measured range of flows in riparian-vegetated channels 
(154,499 ≤ Re ≤ 970,483) α varies in a very narrow range 
(0.119–0.120). 

Considering that, according to Eq. (5), Γ theoretically depends only 
on channel slope and flow Froude number [38], Γv can be estimated by F 
and s by the following power equation: 

Γv = a
Fb

sc (10)  

in which a, b and c are coefficients to be determined from experimental 
measurements. 

2.2. Large-scale experiments by Freeman et al. [25] 

Freeman et al. [25] carried out experiments on a large flume, 2.44 m 
wide, 1.82 m deep, and 152.4 m long, at the Utah Water Research 
Laboratory, investigating the effect of vegetation on flow resistance 
(Fig. 1). The investigated slope varied in the range 0.0002–0.008. In 
particular, the following ten different broadleaf deciduous species, 
commonly found in floodplains and riparian zones, were singularly 
evaluated: Yellow Twig Dogwood (Cornus stolonifera flaviramea), Berried 
Elderberry (Sambucus racemosa), Purpleleaf Euonymus (Euonymus for-
tunei colorata), Red Twig Dogwood (Cornus sericea), Service Berry 
(Amelanchier), Mulefat (Baccharis glutinosa), Valley Elderberry (Sambu-
cus mexicana), Salt Cedar (Tamarix spp.), Black Willow (Salix nigra), and 
Mountain Willow (Salix monticola). 

The plants were placed intact, with root structure and original soil, 
into a 20.3-cm deep experimental bed, in the center of the 22.9-m long 
experimentation flume section. In the first phase of the study, the bed 
consisted of a layer of gravel, to promote drainage, covered with com-
pacted clay, which supported plants and avoided that they were washed 
downstream. In the second phase of the study, the compacted clay was 
replaced with a gravel bed and a mortar cap, which facilitated the 
changing of plants and experimental setups. The mortar cap had 158 
plant containers in the bed in staggered rows of four and five plants per 
row. The spacing chosen for the plants was based on that typically found 
in floodplains, while plant density, M, was calculated as the number of 
plants per unit area. The plant characteristics (plant height, stem 
diameter, number of stems, and bending characteristics) are listed in 
Table 1. 

Upstream and downstream of the experimentation section, the flume 
had a roughened-bed section, determined by the presence of cinder 
blocks that were adjusted until they produced a fully developed turbu-
lent velocity distribution. At the downstream end of the flume, 91.4 m 

Fig. 1. Sketch of the experimental channel used by Freeman et al. [25].  
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downstream of the experimental section, flow depth was controlled 
using a hydraulic gate. Water from the river adjacent to the laboratory 
entered the flume through a pipe located 50.3 m upstream from the 
experimentation section. 

Water-surface elevations were measured by a stationary transit and a 
measuring rod along the centerline of the flume, while flow velocities 
were measured by a Marsh McBirney Model 201 portable water current 
meter. 

Typically, nine runs were made for each series of experiments (three 
at high depths, with the flume nearly full, and at three different veloc-
ities; three at a medium depth; three at a low depth). The plants were 
usually submerged, even at low depths, because the flow forces were 
adequate to bend the plants with the flow. 

3. Results 

The available database for this investigation is characterized by a 
wide range of the Reynolds number (154,499 ≤ Re ≤ 970,483), denoting 
a turbulent flow regime, while the experimental Froude number values 
(0.04 ≤F ≤ 0.47) suggest that flows are all subcritical. Moreover, in the 
range of the investigated water depth values, the ratio R/h (Fig. 2) is 
always less than 1, i.e., the cross-section is not rectangular very-wide. In 
particular, for all the measured h values, the ratio R/h varies from 0.46 
to 0.7 (Fig. 2). 

The available 87 data by Freeman et al. [25] were divided into two 
datasets: 46 data were used for calibrating and 41 for testing. The cal-
ibrating dataset allowed to obtain the following equation to estimate the 

Γv function: 

Γv = 0.326
F1.0167

s0.5633 (11)  

which is characterized by a coefficient of determination equal to 0.986. 
Fig. 3 shows the comparison between the measured Γv values, obtained 
by Eq. (7) with α = 0.119, and those calculated by Eq. (11). This figure 
also demonstrates that Eq. (11) is positively tested by the flow velocity, 
depth, and slope measurements belonging to the testing dataset. 

Introducing Eq. (11) into Eq. (6) and considering that Reδ is always 
equal to 4.4817, the following equation to estimate the Darcy-Weisbach 
friction factor was obtained: 

f = 8
[
(δ + 1)(δ + 2)
21− δ 4.4817

s0.5633

0.326 F1.0167

] 2
1+δ

(12) 

Fig. 4 shows the comparison between the measured values of the 
Darcy-Weisbach friction factor and those calculated by Eq. (12) for both 
calibrating and testing datasets. The friction factor values calculated by 
Eq. (12) are characterized by errors that are always less than or equal to 

± 20% and less than or equal to ± 10% for 86.2% of cases. The agree-
ment between measured f values and those calculated by Eq. (12) is 
characterized by a MSE equal to 0.000461. 

Considering that Reδ is always equal to 4.4817 and setting δ, being its 
range narrow (0.11–0.125), equal to its mean value (0.115), Eq. (12) can 

Table 1 
Main characteristics for each analyzed vegetation type.  

Plant Plant height H Stem diameter Bending stiffness N stem av h/H 

m m 108 N m− 2   mean condition h/H < 1 (cases in %) 

Yellow Twig Dogwood 0.51 0.0095 3.21 1 0.3295 1.84 predominantly submerged 7.7 
Berried Elderberry 0.71 0.0095 0.526 1 0.3194 1.27 predominantly submerged 10.0 
Purpleleaf Euonymus 0.2 0.0063 4.14 2 0.3228 4.64 submerged 0.0 
Red Twig Dogwood 0.97 0.0252 10.2 2 0.3254 1.01 predominantly emerged 60.0 
Service Berry 0.71 0.0063 47.6 6 0.3266 1.37 predominantly submerged 16.7 
Yellow Twig Dogwood 2 0.71 0.0095 29.9 2 0.3357 1.79 submerged 0.0 
Mulefat 0.97 0.0126 5.95 1 0.3398 1.32 submerged 0.0 
Valley Elderberry 0.97 0.0268 16.5 1 0.329 1.21 predominantly submerged 25.0 
Salt Cedar 1.52 0.0316 13.1 1 0.3325 0.72 emerged 100.0 
Black Willow 1.22 0.0189 1.5 1 0.3273 0.87 predominantly emerged 57.1 
Mountain Willow 1.52 0.0254 3.41 4 0.3253 0.69 emerged 100.0 
Mountain Willow (no leaves) 1.52 0.0254 3.41 4 0.3265 0.69 emerged 100.0 

h = water depth. 

Fig. 2. Relationship between the water depth h and the ratio R/h for the 
investigated hydraulic conditions. 

Fig. 3. Comparison between the measured Γv values, obtained by Eq. (8) with 
α = 0.119, and those calculated by Eq. (11) for both calibrating and 
testing datasets. 
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be rewritten as: 

f = 6.29
s1.0102

F1.8235 (13) 

The values of b and c of Eq. (10) were fixed to exclusively attribute 
the vegetation effect to the a coefficient, renamed av, obtaining the 
following flow resistance equation: 

f = 8
[
(δ + 1)(δ + 2)

21− δ 4.4817
s0.5633

av F1.0167

] 2
1+δ

(14) 

For each type of vegetation, the behavior of the pairs (F1.0167/s0.5633; 
Γ) was investigated and a value of the av coefficient, equal to the slope 
coefficient of the best-fit straight line passing through the origin of the 
axes, was obtained (Table 1). Introducing the specific av coefficient of 
each type of vegetation into Eq. (14), the Darcy-Weisbach friction factor 
values were recalculated. Fig. 5 shows the comparison between the 
measured values of the Darcy-Weisbach friction factor and those 
calculated by introducing the specific av coefficient of each type of 
vegetation into Eq. (14). In this case, the errors in the f estimate are 
always less than or equal to ±20% and less than or equal to ±10% for 
87.4% of cases. The agreement between measured f values and those 

calculated by Eq. (14), introducing the specific av coefficient of each 
type of vegetation, is characterized by a MSE equal to 0.000526 and a 
coefficient of determination of 0.984. 

Since the obtained av values varied from 0.3194 to 0.3398, high-
lighting a low variability depending on the vegetation type, the mean av 
value, equal to 0.3283, was introduced into Eq. (14). Fig. 6 shows the 
comparison between the measured values of the Darcy-Weisbach fric-
tion factor and those calculated by introducing the mean a coefficient 
(0.3283) into Eq. (14) for both calibrating and testing datasets. In this 
case, the errors estimating f are always less than or equal to ±20% and 
less than or equal to ±10% for 85.1% of cases. The agreement between 
measured f values and those calculated by Eq. (14), with av = 0.3283, is 
characterized by a MSE equal to 0.000517 and a coefficient of deter-
mination of 0.985. 

Considering that Reδ is always equal to 4.4817 and setting δ = 0.115 
and av = 0.3283, Eq. (14) can be rewritten as: 

f = 6.21
s1.0102

F1.8235 (15) 

Comparing the performance of Eqs. (12) and (14) in terms of errors 
estimating f, the slight variations for the error bands of ±20% and 
±10% suggest that the effect of the different examined types of vege-
tation on flow resistance is almost negligible. 

Fig. 7 shows the empirical frequency distribution of the errors, E (%), 
of Darcy-Weisbach friction factors estimated by Eq. (12), Eq. (14) with 
specific av values, and Eq. (14) with a = 0.3283. 

Finally, the relationship between av and bending stiffness values 
(Table 1) is plotted in Fig. 8. 

4. Discussion 

Even considering the hypothesis of rectangular very-wide cross- 
section, i.e., R/h = 1, Eq. (7) gives f = 8s F− 2, which demonstrates that 
the scale factor (6.29 instead of 8) and the exponents of slope and Froude 
number are different from those of Eq. (13). Taking into account that 
Fig. 2 shows that R/h is always different from 1, the comparison between 
Eq. (7) and Eq. (13) demonstrates that Eq. (6), coupled with Eq. (10), or 
Eq. (13) are not spurious correlations. 

Figs. 4–6 confirm the applicability of the theoretically deduced [4] 
Eq. (10) to the measurements carried out by Freeman et al. [25] for both 
calibrating and testing datasets. The good agreement between the 
measured Darcy-Weisbach friction factor values and those calculated by 
Eq. (12) (Fig. 4), can be slightly improved using a different a coefficient 

Fig. 4. Comparison between the f measured values and those calculated by Eq. 
(12) for both calibrating and testing datasets. 

Fig. 5. Comparison between the f measured values and those calculated by 
introducing the specific av coefficient of each type of vegetation into Eq. (14) 
for both calibrating and testing datasets. 

Fig. 6. Comparison between the f measured values and those calculated 
introducing the mean a coefficient (0.3283) into Eq. (14) for both calibrating 
and testing datasets. 
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for each type of vegetation (Eq. (14), Fig. 5). However, for the investi-
gated vegetation species, also a mean value of the scaling coefficient a, 
equal to 0.3283, into Eq. (14), allows an accurate estimate of the 
Darcy-Weisbach friction factor (Fig. 6). The comparable performances in 
f estimate, highlighted in terms of errors by Fig. 7, obtained by the three 
applied procedures suggest that considering the vegetation type does not 
significantly affect the flow resistance law. This result is probably due to 
the circumstance that almost all the examined species are shrubs, except 
Service Berry, Black Willow, and Mountain Willow, which, however, are 
not mature plants and, for this reason, are comparable with shrubs. 

Fig. 6 shows that, although the range of bending stiffness of the 
examined species is quite wide (i.e., the plants are characterized by a 
different degree of flexibility), av variability is moderate. This result 
highlights that no marked differences in flow resistance occur depending 
on different flexibilities of vegetation. Nicosia et al. [41] proposed an 
equation capable to consider the behavior of the vegetation elements 
depending on the bending stiffness. In fact, for low bending stiffness 
values, vegetation tends to assume a prone position even for low flow 
velocities, and its behavior from a flow resistance point of view is more 
streamlined. For increasing bending stiffness, i.e., more rigid vegetation, 
higher flow velocities are necessary to reach a fixed inflection degree of 
vegetation, and, consequently, a higher flow resistance should occur. 

Instead, in this case, even if the examined vegetation types are 
characterized by a large range of bending stiffness, stem diameter, plant 
height, and different conditions of submergence (Table 1), the flow 
resistance behavior is quite uniform and a single value of av allows to 
represent the effect of vegetation on flow resistance. 

5. Summary and conclusions 

Literature measurements carried out by Freeman et al. [25] in a 
vegetated channel were used to test the applicability of a theoretical 
flow resistance law proposed by Ferro [4] and previously calibrated and 
tested using available small-scale laboratory measurements carried out 
with grass-like vegetation. The available measurements were divided 
into two groups which were separately used to calibrate and test the 
theoretical approach. At first, the calibrating dataset was used to cali-
brate the relationship between the scale factor Γ of the velocity profile, 
the Froude number, and channel slope. Then, the relationship was 
calibrated varying the scaling coefficient a with the investigated vege-
tation type. Finally, for the investigated vegetation species, that are 
characterized by a large range of bending stiffness, also the use of the 
mean value of the scaling coefficient a, equal to 0.3283, was investi-
gated. The theoretical flow resistance law, coupled with the relationship 
for estimating the Γ function having a scaling coefficient different for 
each investigated vegetation type, gave the most accurate estimate of 
the Darcy-Weisbach friction factor, but also using a unique mean value 
of a led to satisfying results. 

Since few experimental data are available in the literature, many 
aspects of vegetation effects on channels hydraulics should be yet 
considered. Further experiments could be carried out to widen the 
knowledge about different riparian vegetation species and their 
behavior regarding flow resistance. In the next future, a stimulating 
challenge might be to investigate the relationship between different 
degrees of riparian vegetation biodiversity and the consequent flow 
behavior in channels located in the Mediterranean area, with a specific 
focus on the species aggregation which characterizes these riparian 
ecosystems. 
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Fig. 7. Empirical frequency distribution of the errors, E (%), of Darcy-Weisbach 
friction factors estimated by Eq. (12), Eq. (14) with specific av values, and Eq. 
(14) with a = 0.3283. 

Fig. 8. Relationship between av and bending stiffness values.  

A. Nicosia and V. Ferro                                                                                                                                                                                                                       



Flow Measurement and Instrumentation 89 (2023) 102308

7

References 

[1] J.C. Green, Modelling flow resistance in vegetated streams: review and 
development of new theory, Hydrol. Process. 19 (2005) 1245–1259. 

[2] O. Yagci, M.S. Kabdasli, The impact of single natural vegetation elements on flow 
characteristics, Hydrol. Process. 22 (2008) 4310–4321. 

[3] P.J. Sandercock, J.M. Hooke, Assessment of vegetation effects on hydraulics and of 
feedbacks on plant survival and zonation in ephemeral channels, Hydrol. Process. 
24 (2010) 695–713. 

[4] V. Ferro, Assessing flow resistance law in vegetated channels by dimensional 
analysis and self-similarity, Flow Meas. Instrum. 69 (2019), 101610, https://doi. 
org/10.1016/j.flowmeasinst.2019. 101610. 

[5] J. Olley, J. Burton, V. Hermoso, K. Smolders, J. McMahon, B. Thomson, 
A. Watkinson, Remnant riparian vegetation, sediment and nutrient loads, and river 
rehabilitation in subtropical Australia, Hydrol. Process. 29 (2005) 2290–2300. 

[6] G.F.C. Lama, A. Errico, S. Francalanci, L. Solari, F. Preti, G.B. Chirico, Evaluation of 
flow resistance models based on field experiments in a partly vegetated 
reclamation channel, Geosciences 10 (2020) 47, https://doi.org/10.3390/ 
geosciences10020047. 

[7] R. García Díaz, Analysis of Manning coefficient for small-depth flows on vegetated 
beds, Hydrol. Process. 19 (16) (2005) 3221–3233, https://doi.org/10.1002/ 
hyp.5820. 

[8] N. Kouwen, T.E. Unny, H.M. Hill, Flow retardance in vegetated channels, J. Irrig. 
Drain. Div. ASCE 95 (2) (1969) 329–342. 

[9] N. Kouwen, T.E. Unny, Flexible roughness in open channels, J. Hydraul. Div. ASCE 
99 (5) (1973) 713–728. 

[10] N. Kouwen, R.M. Li, D.B. Simons, Flow resistance in vegetated waterways, Trans. 
ASAE (Am. Soc. Agric. Eng.) 24 (3) (1981) 684–698. 

[11] N. Kouwen, Field estimation of the biomechanical properties of grass, J. Hydraul. 
Res. 26 (5) (1988) 559–568. 

[12] F.G. Carollo, V. Ferro, D. Termini, Flow resistance law in channels with flexible 
submerged vegetation, J. Hydraul. Eng. 131 (7) (2005) https://doi.org/10.1061/ 
(ASCE)0733-9429(2005)131:7(554). 

[13] F.G. Carollo, V. Ferro, D. Termini, Determinazione del profilo di velocità e di 
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[32] G. Govers, R. Giménez, K. Van Oost, Rill erosion: exploring the relationship 
between experiments, modeling and field observations, Earth Sci. Rev. 8 (2007) 
87–102. 

[33] D.M. Powell, Flow resistance in gravel-bed rivers: Progress in research, Earth Sci. 
Rev. 136 (2014) 301–338. 

[34] B.C. Yen, Hydraulic resistance in open channels, in: B.C. Yen (Ed.), Channel Flow 
Resistance: Centennial of Manning’s Formula, Water Resources Publications, 
Littleton, Colorado, USA, 1992, pp. 1–135. 

[35] V. Ferro, Applying hypothesis of self-similarity for flow-resistance law of small- 
diameter plastic pipes, J. Irrig. Drain. Eng. ASCE 123 (1997) 175–179. 

[36] V. Ferro, New flow resistance law for steep mountain streams based on velocity 
profile, J. Irrig. Drain. Eng. ASCE 143 (2017) 1–6, https://doi.org/10.1061/(ASCE) 
IR.1943-4774.0001208, 04017024. 

[37] V. Ferro, P. Porto, Applying hypothesis of self-similarity for flow resistance law in 
Calabrian gravel bed rivers (Fiumare), J. Hydraul. Eng. ASCE 144 (2018) 1–11, 
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001385. 

[38] V. Ferro, Assessing flow resistance in gravel bed channels by dimensional analysis 
and self-similarity, Catena 169 (2018) 119–127, https://doi.org/10.1016/j. 
catena.2018.05.034. 

[39] C. Di Stefano, A. Nicosia, V. Palmeri, V. Pampalone, V. Ferro, Rill flow velocity and 
resistance law: a review, Earth Sci. Rev. 231 (2022), 104092, https://doi.org/ 
10.1016/j.earscirev.2022.104092. 

[40] A. Nicosia, C. Di Stefano, V. Pampalone, V. Palmeri, V. Ferro, M.A. Nearing, 
Testing a theoretical resistance law for overland flow on a stony hillslope, Hydrol. 
Process. 34 (2020) 2048–2056, https://doi.org/10.1002/hyp.13709. 

[41] A. Nicosia, G.B. Bischetti, E.A. Chiaradia, C. Gandolfi, V. Ferro, A full-scale study of 
Darcy-Weisbach friction factor for channels vegetated by riparian species, Hydrol. 
Process. 35 (2021), e14009, https://doi.org/10.1002/hyp.14009. 

[42] G.I. Barenblatt, Similarity, Self-Similarity and Intermediate Asymptotics, 
Consultants Bureau, New York, N.Y, 1979. 

[43] B. Castaing, Y. Gagne, E.J. Hopfinger, Velocity probability density functions of 
high Reynolds number turbulence, Physica D 46 (1990) 177–200. 

A. Nicosia and V. Ferro                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0955-5986(23)00004-3/sref1
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref1
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref2
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref2
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref3
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref3
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref3
https://doi.org/10.1016/j.flowmeasinst.2019. 101610
https://doi.org/10.1016/j.flowmeasinst.2019. 101610
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref5
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref5
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref5
https://doi.org/10.3390/geosciences10020047
https://doi.org/10.3390/geosciences10020047
https://doi.org/10.1002/hyp.5820
https://doi.org/10.1002/hyp.5820
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref8
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref8
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref9
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref9
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref10
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref10
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref11
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref11
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref12
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref12
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref12
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref13
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref13
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref13
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref13
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref14
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref14
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref14
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref15
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref15
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:7(1)
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:7(1)
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref17
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref17
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref18
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref18
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref19
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref19
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref19
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref20
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref20
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref21
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref21
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref21
https://doi.org/10.1016/j.advwatres.2010.03.008
https://doi.org/10.1016/j.advwatres.2010.03.008
https://doi.org/10.1002/rra.1143
https://doi.org/10.1002/rra.1143
https://doi.org/10.1016/j. jhydrol.2013.04.015
https://doi.org/10.1016/j. jhydrol.2013.04.015
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref25
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref25
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref25
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref26
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref26
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref27
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref27
https://doi.org/10.1080/02626 667.2013.797580
https://doi.org/10.1080/02626 667.2013.797580
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref29
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref29
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref29
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref29
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref30
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref30
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref31
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref31
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref32
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref32
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref32
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref33
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref33
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref34
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref34
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref34
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref35
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref35
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001208
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001208
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001385
https://doi.org/10.1016/j.catena.2018.05.034
https://doi.org/10.1016/j.catena.2018.05.034
https://doi.org/10.1016/j.earscirev.2022.104092
https://doi.org/10.1016/j.earscirev.2022.104092
https://doi.org/10.1002/hyp.13709
https://doi.org/10.1002/hyp.14009
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref42
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref42
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref43
http://refhub.elsevier.com/S0955-5986(23)00004-3/sref43

	Flow resistance due to shrubs and woody vegetation
	1 Introduction
	2 Materials and methods
	2.1 Theoretical flow resistance equation
	2.2 Large-scale experiments by Freeman et al. [25]

	3 Results
	4 Discussion
	5 Summary and conclusions
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


