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Abstract

The definition of simple and accurate methods to estimate flow resistance in vege-

tated channels is still a challenging issue in soil bioengineering practices and program-

ming riparian vegetation management to control channel conveyance capacity,

sediment deposition, and flooding propensity. In this paper, measurements collected

by Errico et al. (2018, 2019) in drainage channels colonized by common reed (Phrag-

mites australis) were used to study the effect of flexible vegetation and its manage-

ment in flow resistance estimate. At first, a theoretical flow resistance equation,

obtained applying dimensional analysis and incomplete self-similarity condition for

the velocity distribution of an open channel flow, was briefly summarized. Then, this

flow resistance equation was calibrated and tested by open-field hydraulic experi-

ments carried out by Errico et al. (2018, 2019) at the real scale of existing vegetated

drainage channels. In particular, the Γ function of the power velocity profile was

empirically related to the slope energy and the flow Froude number by using the

available measurements. Taking into account the hydrological regime of the flow in

the investigated channels, the original data set was divided into two sub-data sets

(calibrating and testing data set) exploring the same range of measured discharges.

The calibration and testing of the flow resistance equation were carried out without

distinguishing measurements corresponding to different vegetation conditions (full-

vegetated, half-vegetated, non-vegetated, central vegetation cut, extensive vegeta-

tion cut). The analysis demonstrated that the theoretical flow resistance equation

allows an accurate estimate of the Darcy-Weisbach friction factor which is character-

ized by errors that are always less than 10% and less than or equal to 5% for 90.9%

of the investigated cases. The finding of this study also allowed to evaluate the

effects of different vegetation management scenarios on flow resistance.
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1 | INTRODUCTION

Many scientific and management issues are related to the presence of

vegetation inside a channel as it reduces flow conveyance capability,

affects morphological channel evolution and sediment deposition, and

plays a significant role in the interaction between aquatic ecosystems

and river hydraulics (Sandercock & Hooke, 2010). Modelling open

channel flows in vegetated streams is useful to establish the river's

propensity to flooding and to establish river management aimed to

flood mitigation (Green, 2005). During a flood, the presence of vege-

tation characterized by compact foliage and branch structure deter-

mines an increase in water depth and a reduction in mean flow

velocity and conveyance capacity (Yagci and Yagci & Kabdasli, 2008).

The uncontrolled vegetation growth determines an increase in flow

resistance, a progressive reduction in the channel conveyance, and a

rising in flood hazard (Vargas-Luna et al., 2015).

Riparian vegetation has an important role in bank stabilization

and can reduce pollutant loads entering the waterways (Olley

et al., 2015). Riparian vegetation on riverbanks and floodplains has a

key role in providing habitats and food resources for animal life, sup-

porting channel stability, and enhancing the aesthetic value of a river

(Coreblint et al., 2009).

The use of vegetation as a soil bioengineering stabilization prac-

tice (e.g., live staking, live fascine installation, vegetated geogrids, veg-

etated crib walls) (Ferro, 2019b; Florineth, 2007) is considered a good

river restoration practice to preserve natural ecosystems and reduce

the channel erosive phenomena. However, a simple and accurate

method for estimating vegetation flow resistance is still a challenging

issue in soil bioengineering practices and management of riparian veg-

etation in river channels (Lama et al., 2020).

The main limits of the flow resistance investigations in open chan-

nels are due to the high variability of vegetation types which affects

the hydraulic behaviour (García Díaz, 2005) and the small-scale instal-

lations which are generally used in the experimental studies

(Green, 2005).

Previous researches were mainly for grass-like vegetation (Carollo

et al., 2005, 2008; Errico et al., 2018, 2019; Ferro, 2019a;

Kouwen, 1988; Kouwen et al., 1969; Kouwen & Li, 1980; Kouwen &

Unny, 1973; Kowobary et al., 1972). Grass-like vegetation is flexible,

and is generally completely submerged as its height hs is less than the

flow depth h (Gourlay, 1970). Moreover, the hydraulic behaviour of a

single vegetation type is dependent on whether the plant elements

are emergent, for h < hs, or completely submerged (h > hs). The inter-

action between the hydrodynamic flow action and the bending stiff-

ness of the vegetation element determines its configuration (erect,

waving, prone) (Ferro, 2019a).

A wide experimental investigation was developed by Kouwen and

co-workers (Kouwen, 1988; Kouwen et al., 1981; Kouwen & Li, 1980;

Kouwen & Unny, 1973) to estimate the Darcy-Weisbach friction fac-

tor of grasslike vegetated channels. The theoretical analysis, related to

the biomechanical properties of the vegetation, and the experimental

data used for calibrating Kouwen's method (Kouwen & Li, 1980;

Kouwen & Unny, 1973) demonstrated that the friction factor

increases with stem density. This last result can be justified consider-

ing that the stem density M values used for Kouwen's experiments

(7.5–50 stems dm�2) are moderate and less than the limit value M*,

corresponding to the quasi-smooth skimming flow regime, for which

the friction factor becomes invariant with the stem density

(Ferro, 1999).

Experiments with three grass vegetation species (Lolium perenne,

Festuca rubra, and Poa pratensis) and different values of stem density

M (280, 310, 337, and 440 stems dm�2) were carried out by Carollo

et al. (2002, 2005, 2007, 2008). These experiments (Carollo

et al., 2005) demonstrated that Kouwen's method systematically over-

estimates the flow resistance, and this bias effect increases with stem

concentration. The experiments by Carollo et al. (2005), carried out

for 280 ≤ M ≤ 440 stems dm�2, joined with those of Kouwen et al.

(1969) (M = 50 stems dm�2), Wilson and Horritt (2002) (M = 25

stems dm�2) and Raffaelli et al. (2002) (10.2 ≤ M ≤ 20.4 stems dm�2)

allowed to conclude that, for M values less than 50 stems dm�2, the

friction factor increases with the stem concentration, while high

values of M are characterized by the invariance of the friction factor

with the stem density (Ferro, 1999) as the quasi-smooth (skimming)

flow regime (Morris, 1959) occurs.

Investigations on rigid and non-submerged vegetation were gen-

erally carried out using artificial elements hydraulically similar to natu-

ral plants and laboratory flumes (Righetti & Armanini, 2002; Wilson

et al., 2003; Yagci et al., 2010). Small-scale flumes were generally used

for carrying out experiments with very young real plants or tiny por-

tions of green vegetation (Armanini et al., 2005; Rhee et al., 2008;

Västilä et al., 2013). The experiments were rarely carried out using

fully developed vegetation in field channel conditions (Chiaradia

et al., 2019; Errico et al., 2018, 2019; Freeman et al., 2000; Västilä

et al., 2013).

Phragmites australis, also named common reed, is a plant species

widespread around the world, and it is recognized as invasive in

Canada and USA, while it is endemic in Europe and Asia (Errico

et al., 2018). Notwithstanding this species was largely investigated for

its diffusion in aquatic environments, the experimental data related to

real scale channels are very limited. Even if small-scale experiments in

flumes are useful to study the relationship between vegetation and

flow under controlled conditions, scaling problems linked to flow

hydraulics and vegetation properties may occur, and the results,

obtained by accurate laboratory measurements, should be cautiously

applied to natural conditions (Chiaradia et al., 2019; Florineth

et al., 2003).

Using two large laboratory flumes (1 m and 3 m wide), Rhee et al.

(2008) investigated 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 species, these

authors obtained the ‘n-VR’ retardance curves, in which n is the Man-

ning's coefficient, V is the mean flow velocity, and R is the hydraulic

radius. The experiments used two different states: (i) “green” state, in

which the plants were fully green and in an active growth state, and

(ii) “dormant” state, in which the tested plants were inactive and were
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becoming wilted or dead. The measurements demonstrated that flow

resistance of dormant plants is generally smaller than that of green

vegetation, and resistance coefficients associated with a condition in

which the flow is affected by both the leaf and stem part of vegeta-

tion are higher than those representing a flow only affected by the

stem part.

Errico et al. (2018, 2019) carried out field investigations to study

the effect of the vegetation distribution in drainage channels colo-

nized by Phragmites 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 dis-

tribution, 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 resis-

tance, (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.

Notwithstanding numerous experimental and theoretical studies

on flow resistance in vegetated channels have been developed, and

new methods to estimate the friction factor have been proposed, the

application of classical hydraulic equations, such as Manning's and

Chezy's (Ferro, 1999; Govers et al., 2007; Powell, 2014), continues to

be the most common applied method to estimate open channel flow

resistance. For expressing the resistance coefficient, the Manning's

n or Darcy-Weisbach's f are applied for vegetated channels

(Yen, 1992):

ffiffiffi
8
f

r
¼ V
u�

¼ R1=6ffiffiffi
g

p
n

ð1Þ

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

p
is the

shear velocity, g is the acceleration due to gravity, and s is the channel

slope. Manning's coefficient has been used to develop analysis based

on field and flume measurements in vegetated channels, while f has

been frequently applied for developing theoretical analysis (Carollo

et al., 2005; Ferro, 2019a).

The relationship between the velocity distribution and flow resis-

tance is a challenging topic of open channel flow hydraulics (Ferro &

Pecoraro, 2000) as the integration of the flow-velocity distribution in

the cross-section is required to deduce a theoretical flow-resistance

law (Ferro, 1997; Ferro & Porto, 2018a).

In previous papers, the integration of a power-velocity distribu-

tion, deduced by dimensional analysis and the self-similarity theory,

allowed to obtain a theoretical expression of the Darcy-Weisbach fric-

tion factor (Ferro, 2017, 2018). The applicability of this theoretical

flow resistance equation was verified for gravel-bed rivers (Carollo &

Ferro, 2021; Ferro, 2018; Ferro & Porto, 2018a, 2018b), for rill flows

(Di Stefano et al., 2019a, 2019b, 2022; Nicosia et al., 2019; Palmeri

et al., 2018), overland flows (Nicosia, Di Stefano, Pampalone, Pal-

meri, & Ferro, 2020; Nicosia, Di Stefano, Pampalone, Palmeri, Ferro, &

Nearing, 2020; Nicosia, Di Stefano, Pampalone, Palmeri, Ferro, Polya-

kov, & Nearing, 2020), and vegetated channels (Ferro, 2019a; Nicosia

et al., 2021). Ferro (2019a) deduced the flow velocity profile above

the grass-like flexible vegetation and obtained, by its integration, the

theoretical flow resistance law. This last law was calibrated and tested

by Ferro (2019a) using available small-scale laboratory measurements

carried out by Kouwen et al. (1969), Wilson and Horrit (2002), Raf-

faelli et al. (2002), and Carollo et al. (2005).

Since, to the best of our knowledge, no studies regarding the

effect of the vegetation management scenario on flow resistance are

available, in this paper, for the first time, the applicability of the the-

oretical approach by Ferro (2019a) was tested by field measure-

ments (flow depth h, channel slope s, mean flow velocity V, flow

Reynolds number Re, flow Froude number F and Darcy-Weisbach

friction factor f ) carried out by Errico et al. (2018, 2019) in drainage

channels colonized by Phragmites australis. The general aim of this

study is to test a theoretical law to estimate the Darcy-Weisbach

friction factor for real-scale vegetated channels colonized by com-

mon reed (Phragmites australis). The particular aims of this study are:

(i) to test the applicability of the theoretical approach by Ferro

(2019a) using full-scale measurements to estimate the flow resis-

tance for vegetated and non-vegetated conditions and (ii) to evalu-

ate the effects of different vegetation management scenarios on

flow resistance.

2 | MATERIALS AND METHODS

2.1 | Theoretical flow resistance equation

In previous papers, Di Stefano et al. (2017, 2018), using the

Π-Theorem of the dimensional analysis (Barenblatt, 1979, 1987,

1993; Ferro, 1997) and the Incomplete Self-Similarity (ISS) in u*y/νk
(Barenblatt & Monin, 1979; Barenblatt & Prostokishin, 1993; Ferro &

Pecoraro, 2000), proposed the following expression of the velocity

distribution (Ferro & Porto, 2018a):

v
u�

¼ 1
δ
ϕ

u� h
νk

,
h
d
,s,F

� �� �
u�y
νk

� �δ

ð2Þ

in which v is the local velocity, y is the distance from the bottom, νk is

the water kinematic viscosity, s is the energy slope, ϕ is a functional

symbol, d is the bed particle diameter, F = V=
ffiffiffiffiffiffi
g h

p
is the flow Froude

number, and δ is a coefficient to be calculated by the following theo-

retical equation (Barenblatt, 1991; Castaing et al., 1990):

δ¼ 1:5
lnRe

ð3Þ

in which Re = V h/νk is the flow Reynolds number.

As the ratio between u*h/νk and h/d is equal to the shear Reyn-

olds number Re* and F is related to the depth sediment ratio h/d and

Re* (Ferro, 2018), Equation (3) assumes the following form:
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v
u�

¼Γ s,Fð Þ u�y
νk

� �δ

ð4Þ

in which Γ(s, F) is a function of the channel slope and flow Froude

number to be defined by velocity measurements.

The integration of the velocity profile (Equation 4) allows to

deduce the following expression of the Darcy-Weisbach friction fac-

tor f (Barenblatt, 1993;Ferro, 2017 ; Ferro & Porto, 2018a):

f ¼8
21�δ ΓReδ

δþ1ð Þ δþ2ð Þ

" #�2= 1þδð Þ
ð5Þ

The following estimate Γv of Γ function (Ferro, 2017; Ferro &

Porto, 2018a) was obtained by setting into Equation (4) 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 ¼ V

u� u� α h
νk

� �δ ð6Þ

The coefficient α, which is less than 1, considers that (i) the aver-

age velocity V is located below the water surface, and (ii) a mean

velocity profile in the cross-section is considered (i.e., the velocity pro-

file 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). Ferro (2017) proposed the following rela-

tionship to calculate the coefficient α:

α¼ 21�δ

δþ1ð Þ δþ2ð Þ

" #1=δ

ð7Þ

Considering that Equation (4) states that Γ theoretically depends

only on the channel slope and flow Froude number (Ferro, 2018), Γv
can be estimated by the following power equation:

Γv ¼ a
Fb

sc
ð8Þ

in which a, b, and c are coefficients to be determined from experimen-

tal measurements.

2.2 | Experimental data

Errico et al. (2018) carried out some experiments on the final reach of

a drainage channel, named Bresciani channel, which is located right

outside of the Migliarino-Rossore-Massaciuccoli Regional Park, Tus-

cany, Italy. The experimental channel is 300 m long. The reach is char-

acterized by an uniform slope and cross-section having a trapezoidal

shape, with a scarp equal to 1, a bankfull width of 5.3 m, and a depth

of 1 m. The channel is colonized by vegetation composed of common

reed (Phragmites australis). Hydraulic tests were carried out for three

vegetation scenarios: (i) vegetation reaching the maximum develop-

ment flowering stage (full-vegetated, FV), (ii) vegetation from one

bank and the entire channel bottom (half-vegetated, HV), and

(iii) complete removing of the vegetation cover (non-vegetated, NV).

The first scenario is characterized by a central part of the cross-

section in which leafed emergent reeds become submerged when

high-flow conditions occur, while in the banks the vegetation pro-

trudes from the water surface. The second scenario is characterized

by emergent reed covering 30% of the channel wetted perimeter. In

the third scenario, the vegetation is cut at the base along the whole

wetted perimeter. Four full-scale experiments were carried out for

each investigated condition (FV, HV, NV). Four flow rate values (0.3,

0.6, 0.9, and 1.2 m3 s�1) in the experimental stretch were obtained by

regulating the water pumped into the channel by four PET pipes con-

nected to just as many pumps. Three operators monitored the water

levels, recording the level every 3 min using staff gages. In correspon-

dence of the central section, the flow velocity was measured by a cur-

rent meter (USGS, Type AA). Further details on the experimental tests

are reported in the paper by Errico et al. (2018).

Errico et al. (2019) carried out a field investigation in the channel,

named Piaggetta, which is located near Massacciuccoli lake, northern

Tuscany, Italy. The experimental channel is 200 m long. The reach is

characterized by average width of 5 m and an average bankfull depth

of 0.8 m. The channel surface is completely covered by dense cano-

pies of Phragmites australis. Hydraulic tests were carried out for three

vegetation scenarios: (i) undisturbed vegetation (UV) in natural condi-

tions, (ii) a vegetation management strategy which is practiced by cut-

ting the central part of the channel for a width of 2.7 m (central cut,

CC), and (iii) a cut of the vegetation along the whole wetted perimeter

(extensive cut, EC). Six full-scale experiments were carried out: one

experimental run for the UV condition, two runs for the CC condition,

and three runs for the extensive cut (EC). These authors controlled

the flow discharges by regulating four pumps, the flow velocity values

were measured by ADV, while the flow depths were measured by a

staff gauge. Further details on the experimental tests are reported in

the paper by Errico et al. (2019).

For both the databases, the available measurements of geometric

channel characteristics, flow depths, and flow velocities were used to

deduce some hydraulic characteristics as the Darcy-Weisbach friction

factor, the Froude number, and the Reynolds number.

3 | RESULTS

The measurements carried out in different management scenarios by

Errico et al. (2018, 2019) were firstly represented by the n-VR plot

and the f-VR plot (Figure 1). Considering that the bending behaviour

of the vegetal elements was observed during the experimental runs

by Errico et al. (2018), a reduction of drag resistance is expected due

to the flow impact on stems and foliage. According to previous stud-

ies, bending of flexible vegetation elements affects flow resistance,

4 of 10 NICOSIA ET AL.
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represented in Figure 1 by Manning's coefficient (Figure 1a) and

Darcy-Weisbach friction factor (Figure 1b), which becomes constant

for VR values greater than 0.05 (Kouwen, 1988, 1992; Kouwen

et al., 1969; Kouwen & Li, 1980; Kouwen & Unny, 1973). This last

result is also confirmed by the experiments of Rhee et al. (2008), who

observed that at about VR >0.05, the reeds are significantly deflected

by the water flow. Considering that the product VR is strongly related

to the flow discharge Q (Figure 1c), Figure 1a and b demonstrate that

in the CC and EC scenarios, the roughness coefficient decrease for

increasing discharge for VR <0.05. This trend suggests that the mea-

surements by Errico et al. (2019) corresponding to cut vegetation

(CC and EC) and VR <0.05 represent conditions in which the remnant

material behaviours as a submerged layer of rigid vegetation whose

resistance decreases for increasing Q values.

For applying the theoretical flow resistance (Equation 5), the com-

plete data set of full-scale experiments by Errico et al. (2018, 2019)

was divided into two sub-data sets used for calibration and testing

aims, respectively. The two sub-data sets were constructed using

experimental runs having comparable vegetation and hydraulic condi-

tions (Table 1). In other words, the experimental runs of the complete

data set falling into the two sub-data sets were chosen assuring the

representativeness of the vegetation management scenarios and that

the ranges of the experimental variables (Q, h, v, s) were comparable.

In particular, the investigated flow conditions correspond to similar

values of flow discharge Q and mean flow velocity V. All the investi-

gated flows are turbulent and always subcritical.

Using the measurements corresponding to the 11 experimental

runs of the calibration data set, the following equation for estimating

Γv is obtained:

Γv ¼0:3217
F1:1248

s0:5731
ð9Þ

where s is set equal to the energy slope, and which is characterized by

a coefficient of determination equal to 0.9998. In Figure 2a, the com-

parison between the measured Γv values, obtained by Equations (6)

and (7), and those calculated by Equation (9) is plotted, distinguishing

the pairs corresponding to different vegetation management scenarios.

Equation (5), associated with Equations (3) and (9), allows calcu-

lating the Darcy-Weisbach friction factor values considering different

hydraulic conditions (F, s) and the effect of the common reed biome-

chanical characteristics in different management scenarios. In

Figure 2b, the comparison between the measured Darcy-Weisbach

friction factor values and those calculated by Equations (5), (3), and (9)

is plotted. This figure demonstrates a good agreement between the

measured f values and those calculated by the proposed theoretical

flow resistance equation joined with Equations (3) and (9). The calcu-

lated friction factor values resulted characterized by estimate errors

which are always less than or equal to ±10%, and 90.9% of the errors

are less than or equal to ±5%.

Equation (9) was also tested by the independent measurements

of the seven experimental runs of the testing data-set (Table 1). For

the independent testing data-set, Figure 3 confirms that the proposed

theoretical flow resistance equation (Equation 5), coupled with

(a)

(b)

(c)

F IGURE 1 Relationships between n-VR (a), f-VR (b), and VR-Q
(c) for the examined data.

NICOSIA ET AL. 5 of 10
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Equations (3) and (9), is characterized by a good agreement between

the measured f values and the calculated ones.

Finally, Equation (5) was calibrated using all the available mea-

surements listed in Table 1:

Γv ¼0:3246
F1:1284

s0:5728
ð10Þ

which is characterized by a coefficient of determination equal to

0.9997. In Figure 4a, the comparison between the measured Γv
values, obtained by Equations (6) and (7), and those calculated by

Equation (10) is plotted, distinguishing the pairs corresponding to

different vegetation management scenarios. The comparison

between the measured Darcy-Weisbach friction factor values and

those calculated by Equations (5), (3), and (10), plotted in Figure 4b,

confirms that a good agreement between the measured f values and

those calculated by the proposed theoretical flow resistance equa-

tion occurs.

TABLE 1 Characteristic data of the experimental runs used for calibrating and testing the flow resistance equation

Sub- data set Runs by Enrico et al. (2018;2019) Q (m3 s�1) V (m s�1) Re F

Calibrating FV, FV, UV1 0.09–1.22 0.03–0.43 14 319–258 895 0.01–0.16

HV, HV, HV, CC1

NV, NV, NV, EC1

Testing FV, FV 0.18–1.02 0.05–0.40 25 421–219 443 0.02–0.15

HV, CC2

NV, EC2, EC3

(a)

(b)

F IGURE 2 Comparison between the measured Γv values,
obtained by Equation (6) and (7), and those calculated by Equation (9)
(a) and between the measured Darcy-Weisbach friction factor values
and those calculated by Equations (5), (3), and (9) (b) for the calibrating
data set.

F IGURE 3 Comparison between the measured Darcy-Weisbach
friction factor values and those calculated by Equation (5), coupled
with Equations (3) and (9) for the testing data set.
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4 | DISCUSSION

Figure 2b demonstrates that the theoretical approach is able to esti-

mate the friction factor values of different vegetation management

scenarios, which vary from the lowest values for the non-vegetated

condition to the highest ones of the undisturbed vegetation (UV). The

agreement between the measured and calculated f values was also

studied by the frequency distribution of the estimate errors E,

expressed as a percentage, of the Darcy-Weisbach friction factor cal-

culated by Equation (5), (3), and (9) or (10) (Figure 5). This figure

clearly demonstrates that the proposed theoretical approach coupled

with Equation (9) or Equation (10) allows estimating the Darcy-

Weisbach friction factor values with errors in the estimate always less

than or equal to ±10%.

Figure 3 shows that the condition of the full vegetated

(FV) scenario is characterized by f values higher than those of the half

vegetated (HV) one, as the presence of spontaneous vegetation raised

the bed roughness in comparison with the cleared scenario due to the

partial cut.

Figure 4b highlights that the proposed approach is also able to

consider the effects of different vegetation management scenarios on

flow resistance. In particular, an increasing trend of the friction factor

is obtained from the NV scenario to the HV and FV conditions. An

effect of the cutting management is shown in the estimate of the

f coefficient, which decreases from the undisturbed vegetation condi-

tion (UV) to the central cut (CC) and extensive cut (EC) scenarios.

The results highlighted in Figures 3 and 4b agree with those

obtained in the investigation by Errico et al. (2018, 2019). In particu-

lar, the relationship between flow resistance and vegetation charac-

teristics is affected by vegetation cutting management, which controls

stem density (FV > HV) and the vegetation's capability to assume a

streamlined arrangement. The trend plotted in Figure 1b demon-

strated that flow resistance decreases for increasing discharge values,

proving the drag effect of flow is able to reconfigure plants.

The results obtained in this paper highlight that, as expected, cut-

ting management influences flow behaviour. Since the calibrated

equation resulted reliable in the estimate of the friction factor, it could

be used for studying the channel hydraulics and, consequently, choos-

ing the best cutting management for a drainage channel vegetated by

Phragmites australis.

The main limitation of this work is the low number of available

measurements and the specific investigated conditions. In other

words, the obtained results are strictly related to the examined

(a)

(b)

F IGURE 4 Comparison between the measured Γv values,
obtained by Equation (6) and (7), and those calculated by
Equation (10) (a) and between the measured Darcy-Weisbach friction
factor values and those calculated by Equations (5), (3), and (10) (b).

F IGURE 5 Empirical frequency distribution of the errors, E (%), of
Darcy-Weisbach friction factors estimated by (5), (3), and (9) or (10).
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vegetation type (Phragmites australis) and the applied cutting manage-

ment. To better understand the effects of vegetation cutting manage-

ment on flow behaviour, new experiments should be carried out

analysing the relationships between the friction factor and the vegeta-

tion characteristics (i.e., density, bending stiffness, etc.) for different

cutting management scenarios. Another interesting challenge might

be to test the behaviour of different vegetation species for the same

experimental conditions in order to select the optimal species for lim-

iting the economic impact (cutting management implies some costs)

and hydraulic risk (an extreme increase of the flow resistance leads to

the increase of the water levels).

5 | CONCLUSIONS

Field measurements carried out by Errico et al. (2018, 2019) in a real-

scale channel colonized by common reed were used to assess the

applicability of a theoretical flow resistance law proposed by Ferro

(2019a) and frequently calibrated for grass-like vegetation. The theo-

retical flow resistance equation was calibrated by analysing the rela-

tionship between the velocity profile parameter Γ, the flow Froude

number, and the slope energy of the available data sets.

The developed analysis demonstrated that the proposed theoreti-

cal approach allows obtaining reliable estimates of the Darcy-

Weisbach friction factor, which are characterized by errors always less

than or equal to ±10%. The analysis also showed that the approach is

able to consider the effect of the cutting management in the estimate

of the f coefficient as it decreases from the undisturbed vegetation

condition (UV) to the central cut (CC) and extensive cut

(EC) scenarios.
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