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Abstract: In this paper, experimental data collected in a straight flume having a bed covered by grasslike vegetation have been used t
analyze flow resistance for flexible submerged elements. At first, the measurements are used to test the applicability of Kouwen’s methoc
Then, a calibration of two coefficients appearing in the semilogarithmic flow resistance equation is carried out. Finally, applying the

IT-theorem and the incomplete self-similarity condition, a flow resistance equation linking the friction factor with the shear Reynolds

number, the depth-vegetation height ratio and the inflection degree is deduced.
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Introduction jian 1975; Ferro and Giordano 1990,1991; Baiamonte and Ferro
1997; Armanini and Righetti 1998; Stone and Shen 2002

Evaluating flow resistance in a straight vegetated channel needs to The flexible elements can assume different configurations
take into account both the effects of the hydraulic cross section (Kouwen et al. 1969; Gourlay 1970; Kowobary et al. 1p@@e to
reduction and the dissipative effects due to the presence of theboth the hydrodynamic action of the flow and the bending stiff-
roughness e|emen(shape, Size, arrangement, and concentration nesskEl, whereE is the Iongitudinal modulus of elasticity of the
of the elements In fact, both the geometry of the vegetation Vvegetation element antdis the moment of inertia of the cross
elements and the turbulence characteristics of the flow affect thesection of the element itself. Three different configurations have
hydrodynamic resistance and the size of the vortical wakes gen-been experimentally observed for the flexible eleméktsuwen
erated downstream of the elements themsel@&en 1973; Ferro et al. 1969; Gourlay 1970

and Giordano 1992 1. Elements that arerectand do not change their position in
The hydraulic behavior of a single vegetation element which is time;

completely submergednder the flow surface differs from an 2. Elements that are subjected tonaving motionand, thus,

emergenine (Fig. 1). For both configurations, the case of flex- change their position in time; and

ible elements has to be distinguished from that of rigid elements 3. Elements that assume permanentiyrane position
(Fig. 1). From the application point of view, the grasslike vegeta- For each configuratiofFig. 1), different values of the inflection
tion can be considered flexible and, because of its small averagedegree, i.e., the ratio between the bent vegetation heightnd
height, it is usually completely submerged. the vegetation height in the absence of flély, occur. In Case 1,
Shrubby vegetation is, instead, rigid and could assume bothoccurring for low values of flow velocity, the flexible elements
the emergent and the submerged configuration; a flood flowing in @ssume a rigid behavior; in Cases 2 and 3, instead, the behavior of
a channel can completely bend the rigid vegetation, often break-the vegetation elements depends on the bending stiftaedsor
ing and lying it down on the be@Ferro 2002. low EI values, the vegetation elements assume the prone position
For rigid elements, the hydraulic behavior of the bed rough- €ven when low values of flow velocity occur; by increasing the
ness is similar to that of a fixed bed formed by elements of known bending stiffness, i.e., if a more rigid vegetation is considered,
geometry(hemispheres, cubes, gravels, kio. large-roughness  higher values of flow velocity are necessary in order to reach a
conditions(Kowobary et al. 1972; Shen 1973; Petryk and Bosma- fixed inflection degree of the vegetation.
The measurements of the velocity profile, plotteduasy, in
*Engineer, Dipt. di Ingegneria e Tecnologie Agro-Forestali, Facolta di which u=local velocity .andy= helght from the. bo'Ftom, n the.
Agraria, Univ. di Palermo, Viale delle Scienze, 90128 Palermo, Italy. ~ case of submerged flexible vegetation, have highlighted a typical
2Full Professor, Dipt. di Ingegneria e Tecnologie Agro-Forestali, S shape of the velocity distributiofFig. 2) (Kouwen et al. 1969;
Facolta di Agraria, Univ. di Palermo, Viale delle Scienze, 90128 Carollo et al. 2002 for height from the bottony less tharhg, the
Palermo, Italy. E-mail: vferro@unipa.it local velocity becomes very low and assumes almost constant
SResearcher, Dipt. di Ingegneria Idraulica ed Applicazioni Ambientali, values(Gourlay 1970; near the top of vegetatioly=h,) both the
Facolta di Ingegneria, Univ. di Palermo, Viale delle Scienze, 90128 |gcal velocity and its gradient progressively increase, producing a
Palﬁfor?:, IIDt?slgiJssion open until December 1, 2005. Separate discussion vertical profile concave downwaiCarollo et al. 200 upon the
must be submitted for individual papers. To’ extend the closing date by%/eget.atlon(y.> hs.) the velocity gradients decrease Wwa.nd the .
one month, a written request must be filed with the ASCE Managing velocity pr'oflle ',S conpave upward. Thus, the veloqlty profile
Editor. The manuscript for this paper was submitted for review and pos- shows an 'nﬂeCt!on point located at the top of vegetatipnhy),

This paper is part of thdournal of Hydraulic Engineering Vol. 131, and the turbulence intensity appe#eda and Kanazawa 1996;
No. 7, July 1, 2005. ©ASCE, ISSN 0733-9429/2005/7-554-564/$25.00. Carollo et al. 2002
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—v laboratory flume with a bed covered by natural grasslike vegeta-
flexi . tion are reported. The experimental results have been used both to
exible Rigid . - , K
Vegetation vegetation test the applicability of Kouwen’s method for a natural flexible
vegetation and to elaborate a new flow resistance law based on

Flow direction . h variable o .
5 : T T the self-similarity theoryBarenblatt 1979, 1987, 1983This last
oh<n h,=H, flow resistance equation was also calibrated using the measure-
p ‘\I/ \I/ ments recently carried out by Raffaelli et €002 and Wilson
........................................................ and Horritt(2002.
hsh<1 submerged vegetation
h/h>1 no-submerged vegetation

Review of Kouwen’s Method
Fig. 1. Geometrical features of vegetation

Kouwen’s method is based on some experimental results obtained

in a straight laboratory flume with the bed covered by strips of
Thus, the analysis of the velocity profile showed the presence plastic material(Kouwen and Unny 1973whose hydraulic be-

of two regions of flow motion: one close to the bed, of thickness havior, with regard both to the wave motion and to the inflexed

equal to the bent vegetation height, and a second one correspondeonfiguration, is similar to that of a natural grasslike vegetation.

ing to the rangé,<<y<h. The distinction of these two regions is The method is based on the following hypothesis:

more and more evident with increasing vegetation concentration,1. The flow resistance due to the bed, in which the vegetation is

determined as the numbgft of the vegetation elements per unit rooted, is negligible with respect to that due only to the veg-

area, because a reduction of the momentum exchange between etation elementsFenzl and Davis 1964

these two regions occuf&ouwen and Li 198D 2. The vegetation elements are uniformly distributed on the bed
Thus, evaluation of a flow resistance law for flexible vegeta- (Kouwen and Unny 1973 and

tion is difficult because of the need both to estimate the bent3. The flow regime is fully turbulent.

vegetation height for each considered hydraulic condition and to Thus, aside from the vegetation configuratigrone or eregf
take into account the influence of the vegetation concentraion ~ Kouwen (1992 proposed the following flow resistance law:
For a given type of vegetation, the evaluatiorhgfs complex for

its dependence on the bending stiffness. In fact, the values of the X =Cy+Cy |og<£) (1)
longitudinal modulus of elasticitie and of the moment of inertia

| depend on the plant growing phase and on the distance of the _ L e o

plant roots from the considered cross secfibango 1997. where V=mean flow velocity; u =shear velocity; and

Among different methodologies proposed to estimate flow re- Co,Cy=two numerical coefficients. Eql) has been previously
. 9 gies prop : . - deduced by Kouwen et al1969 [according to Rouse’s observa-
sistance in vegetated channels, Kouwen’s method merits attentio

because of both its large experimentatigfouwen and Unny nuons(1965 and the velocity profiles observed by Gourld70

) . ) . in a channel covered with Kikuyu gradategrating the logarithm
1973; Kouwen and Li 1980; Kouwen et al. 198&ind its theoret- velocity profile upon the vegetation layer. The flow resistance law

ical basis founded on the biomechanical properties of the vegeta-(
) ) . ) 1) has been also recommended by the ASC&63 Task Force
tion (Kouwen and Unny 1973; Kouwen and Li 1980; Kouwen on Friction Factors in Channels.

1988. I\/Ihorzo'\\/ller,tthe Kouwedn ﬁ_ﬁpproaiggv;gsgftin use((jal l_)r)r/]other Taking into account that, as aforesaid, in a vegetated channel
researchersiiasterman an orne , Larby an oM the velocity profile does not follow the logarithm law but it$s

tlhgegségeagz?giggpm order to predict the hydraulic behavior of shaped, th.e' semilogar[thm form of EQ) has to be considered a
In this papér first, Kouwen’s method is reviewed. Then, the mere empirical deductiofBlench 1961.
o . . . N - Using the results of the dimensional analysis developed by
results of an experimental investigation carried out in a straight Fenzl and Davig1964, Kouwen and Unny1973 proposed the
following functional expression of the flow resistance law:

S

y Y H, hs hg| hg hg
7 Water suface ¢ (ME—l)lM'H_U’F = B“’H_U’F (2)
vhS
hat —_ in which ¢=functional symbol;y=water specific weight; and

S=bed slope. In Eq(2), the product of the concentratiok
(number of stems per unit aneand the stiffness roughness of the
vegetation element<l, represent the so-calleaggregate stiff-
ness

The comparison between Ed4) and(2) shows that the co-
efficientsC, and C; depend on both the vegetation inflection de-
gree,hy/H,, and the ratiB,=H,/(MEI/yhS¥* synthesizing the
biomechanical characteristics of the vegetatimoncentration and
bending stiffness

The vegetation inflection degrébs/H,) and the ratioB, are
two different analytical expressions of the physical process of the
inflection of the vegetated elements. Although their simultaneous
presence in Eq(2) would imply their functional independence

Flexible

roughness
clements

u

Fig. 2. Typical velocity profile in the case of submerged flexible
vegetation(Carollo et al. 2002
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Kouwen and Unny1973 deduced, on the basis of experiments
carried out in a straight laboratory flume with the bed covered by
artificial elementdqstyrene sheet and lexan filmrranged in six
different patterns, the following empirical relationship:

(MEI)lM 1.59
h h
=01 % 3)

v

Eqg. (3) was deduced using artificial vegetation which was char-
acterized by a constant value of the stiffness along all the length
of the vegetation element. E¢R) has been adopted by Kouwen
and Unny(1973 to estimate the bent vegetation heigdht,which

is necessary to apply the resistance [@yv Eg. (3) can be written

in the following form (Kouwen and Li 1980
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Fig. 3. Relationship between the critical shear velocity and aggregate
stiffness|replotted from Kouwen et al1981)]

S
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which can be used to estimate the aggregate stiffness.
Introducing only one of the two dimensionless groups express-
ing the inflection vegetation proceés/H, or B,), the functional
Hh

relationship(2) can be rewritten as follows:
()=o)
in which ¢, and &,=functional symbols.
If Eqg. (1) is used for expressing the mathematical shape of the
functional relationshig5), thenC, and C,; must depend only on

h 0.634
MEI:th[3.4HU( ) ]

v

\Y h
B,
" h

g [Ds s
=4y

(©)

the inflection level of the vegetation that can be indifferently rep- 5

resented by the ratibs/H, or by B,.

The experimental results obtained by Kouwen and Unny
(1973 and by Kouwen and L{1980, using vegetation elements
of known stiffness, showed that the friction factor values in-
creased withM. This result inductly demonstrates that the con-
centrations used for their experimeriis5—50 stems/df have
to be considered moderate and surely less than the limit value
corresponding to the quasismoadkimming flow regime, for
which an invariance of the friction factor with the element con-
centration occurgFerro 1999.

and connects with the following equation, determined by East-
gate’'s(1966 experimental data obtained for tall grass vegetation

(Fig. 3:
u, = 0.23ME|%1%6 (7)

The introduction of two different expressions of the critical shear
velocity is justified by the following two different observed de-
formation behaviors of the vegetation:

1. For low values of the aggregate stiffness and, thus, for
strongly deformable vegetation elements, the inflected ele-
ments show an elastic behavior and also the deformation is
reversible. In other words, when flow finishes, the elements
return to the nondeformed configuration; and
For high values oMEI, indeed, the inflection of the ele-
ments produces a plastic deformation and the stems remain
in a bent configuration.

The analysis of flexible vegetation behavior developed by

Kouwen and Li(1980 suggested the introduction of four types of

vegetation configurations, passing from the erect configuration to

the prone ondZones 1, 2, 3, and 4 of Fig.,) 3to which different

values both of the ratia’"/u;, and of the coefficient€, and C,

correspond, as reported in Table 1. The rafiou., substantially

In other words, Kouwen'’s results suggested using the aggre- -
gate stiffness as the representative variable of the total mechanicaITabIe 1. Co andC, Coefficients of Eq(l)
resistance of the vegetated layer because flow resistance was in-
creasing with both stiffness and concentration of the vegetation
elements. In other words, the use of the aggregate stiffness is;/y range
based on the hypothesis that the concentration and the bending
stiffness have a similar effect on flow resistance. Furthermore,
their effects on the relative roughness could balance each othergrect
because of the contemporary increasdlirand decrease i&l or
vice versa(Kouwen and Unny 1973

Kouwen and Li(1980, on the basis of experimental results
obtained by Stoller and Lemof1963, Kouwen and Harrington
(1974, and Eastgatél966), established that the vegetation shows
a prone configuration when the shear velocity is higher than a
critical valueu;. Thus, a flexible vegetation, with elastic behavior,
can be classified as prone if the shear veloaitys higher than
the critical value, that can be estimated as

Recalibrated
Kouwen'’s method Kouwen’s method

Co Cy Co Cy

0.42 5.23 191 11.5

Prone 0.57 7.64 4.63 224

u
15< <25

Uc

Prone 0.79 8.71 0.93 22.4

u,=0.028 + 6.33MEI? (6)

*

u
—>25
Ue

whereu is expressed in m/s; ardEl in Nm?, Prone 0.82 9.90 -1.81 224

Eq. (6) has been deduced by Kouwen and Urih973, using
experimental measurements carried out by artificial vegetation,
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Fig. 4. Layout of the experimental installation

Fig. 5. Side(a) and top(b) views of the vegetated bed of the flume
in the case of 440 stems/dm

represents a different way to express the vegetation inflection de-
gree(hs/H,) and, thus, its introduction for coefficien®, andC,
estimation is a substantial confirmation of the validity of Es).

In conclusion, the application of E¢l) needs the preliminary
estimation of the critical value of the shear flow velocity by the
aggregate stiffness using E@6) and(7). The critical value of the
shear velocity is adopted as the minimum between the two calcu-
lated ones Then, the calculation of the ratio/u; allows the
evaluation of, according to the ranges listed in the first column of
Table 1, the coefficient€, and C, of the resistance la\l).

Experimental Installation and Measurement
Technique

The experimental runs were carried out in a rectangular straight
laboratory channel of Dipartimento di Ingegneria Idraulica ed Ap-
plicazioni Ambientali at the Univ. of Palermo. The outlet and the
inlet structures of the flume were connected to a hydraulic circuit,
allowing a continuous recirculation of stable discharges. The
flume, characterized by sloping bed, was 0.60 m wide and 14.4 m
long (Fig. 4).

The water discharge was measured by an orifice plate installed
in the feeding pipe. The measurement reach, located at 7.9 m
from the entrance channel section, was 3 m long. The channel
banks were rigid, while the channel bed was of grdsg. 5),
produced by a mixture of stable Loieti®0%), Festuca rubra
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Table 2. Characteristic Data of the Vegetated Beds Used

Table 4. Experimental Data for the Vegetated Bed Il

M H, h % h

Vegetated bed [stems/dr] (cm) S (cm) (cm/9 (cm)
| 280 11.5 0.001 11.2 35.8 6.1
I 310 11.0 0.001 12.1 38.3 6.0
i 440 20.0 0.001 12.7 43.5 5.8
0.001 13.5 47.1 6.0
0.002 9.5 21.1 8.0
(40%), and Poa pratensid0%). The resulting turf was composed g o 11.2 35.8 6.0
by large n_bbonllke stem_s abqut 4-5 mm. The characteristic data 5o, 11.9 38.9 6.0
of vegetation .used are listed in Tablg 2. 0,002 12.4 44.6 58
The experimental runs were carried out for three vegetation 0.002 133 479 58
concentrationgM =280, 310,440 stems/dn determined as the ' ) ) )
mean of stems per unit area, evaluated by 15 samples along thé)'005 9.2 21.8 8
measurement reach. The water depth in the reach was estimated °%° 10.8 812 5.7
as the meai of four measurements carried out by a point gauge 0.005 11.5 40.3 5.9
located at the vertical axis of four cross sections. The first cross 9-00° 121 45.7 5.6
section was at 90 cm downstream from the beginning of turf 0-005 12.9 49.3 5.6
reach, and the following three cross sections had a relative dis-0.010 8.9 22.5 7.5
tance of 40 cm. The maximum difference between the water 0.010 10.1 39.7 5.2
depthh; in theith cross section and the mean valyewas ob- 0.010 11.0 421 5.6
tained for the first and the last cross sections. In these cross sece.010 11.6 47.7 5.5
tions, the water depth; was, on average, £7% from the value of 0.010 11.9 52.6 4.8
h. In the other cross section, instead, the water depthsere 0.010 12.2 52.2 5.4
close to the mean valuk (0.99-1.02h). The bent vegetation g15 8.8 228 7.2
height, hy, and nonsubmerged vegetation heigHt, were esti- 0.020 85 23.6 70
mated as the mean of three measurements by three decimal ruleg 4,5 75 26.7 6.3
fixed to the flumfe wall. _ 0.030 79 278 58

The 80 experimental run§ables 3-% were carried out vary-

. . 0.035 6.8 29.5 51
ing, for each stem concentration, the flow rét2.0 to 170.8 |/5 0.040 6.5 30.8 48
and the flume bed slop@.1 to 5.0%. The water depth measure- : ‘ '
ments ranged from 6.10 to 27.19 cm, which corresponded to 0.045 6.2 323 47
depth-vegetation height ratio values ranging from 1.02 to 6.04 0.050 6.1 32.9 46

and Froude numbers varying from 0.22 to 0.73. During experi-

mental runs, the vegetation was always inflected, both prone and

waving, and characterized by an inflection degreéH,, ranging
from 0.25 to 0.73.

Resistance Law for Flexible Submerged Vegetation

First, in order to neglect the influence of the walls, the experi- 1

mental values of the rati&/u. have been corrected using the
methodology proposed by Johns(i942).

Fig. 6 shows, for two values of the bed slope, the pairs 2

[V/u",log(h/hy] for given vegetation concentration. The pairs
[V/U",log(h/hy)] obtained by Kouwen et a(1969, using artifi-

Table 3. Experimental Data for the Vegetated Bed |

h Y, he
S (cm) (cm/9 (cm)

0.002 12.8 35.0 7.0
0.002 16.3 52.1 5.7
0.002 19.0 68.1 54
0.002 20.2 75.7 5.1
0.002 21.7 81.6 4.9
0.002 23.1 87.0 4.8
0.002 24.5 91.8 4.7
0.002 25.8 97.6 4.4
0.002 27.2 104.7 4.5
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cial elements 5 mm long and 10 cm high with a concentration of
50 stems/drf are also reported in the same figure. Fig. 7 shows,
for two different concentration valug810 and 440 stems/din

the pairs[V/u",log(h/hy)] for given bed slope values.

The observation of both Figs. 6 and 7 suggests the following
conclusions:

For given values of concentration and bed slope, @&J.

represents satisfactorily the relation betwaéh’, and the

depth-vegetation height ratio/ hg;

For a given concentration and for a fixed depth-vegetation

height ratio, increasing the channel bed sldfie” decreases

and, thus, the flow resistance increases; and

In the range of the considered concentration values, an in-

crease inM implies a decrease in flow resistance.
Conclusion 2 is also justified by previous results of Gourlay
(1970 who, representing Eastgate’s measuremét66 by the
plot V/u'—log(h/hy), detected the same influence of channel
slope.

Representing our experimental data byR plots (Fig. 8
(n=Manning’s coefficient andR=hydraulic radiuy we deduce
n-VR curves similar to the ones obtained by Kouwen and Li
(1980. In fact, Fig. 8 shows values increasing with the channel
slope. In other words, in the-VR plot, the behavior of our veg-
etation is similar to the onéplastic strip$ investigated by Kou-
wen.

Conclusion 3 implies that, for the examined configurations
(concentration values ranging from 280 to 440 stemgjdm
the quasi-smoothskimming flow regime occurs. Taking into

w



Table 5. Experimental Data for the Vegetated Bed I 30 I I |
h M h 55 | 8=01% / vl
s (cm) (cm/s (cm) & | A S0stemsdm
0.001 10.4 38.6 6.7 20 / O 310 stems dm” |
0.001 11.0 421 7.2 - @ 440 stems dm™®
0.001 11.6 477 7.3 § 15 b — Eq.(1) i
0.001 12.3 52.7 7.1 ,a?
0.001 17.0 76.1 6.3 10
0.001 19.8 90.3 5.9 5
0.002 8.2 24.5 6.8 &
0.002 10.3 39.0 6.5 0 _A-——-""rkk a)
0.002 14.0 32.1 8.2 0.0 0.2 04 0.6 0.8 1.0
0.002 14.6 34.4 8.0
0.002 10.9 42.5 7.1 log(h/hs)
0.002 11.5 48.1 7.2
0.002 12.2 53.2 7.2 12
0.002 17.8 725 7.0 ' l
0.002 16.8 77.0 5.8 10 -{8=0.5% 7! A 50 stems
0.002 19.9 88.8 6.3 e y O 310 stems dm™ |
0.002 19.6 91.2 5.9 ° @ 440 stems dm”
0.005 8.1 24.8 6.8 *, ’
0.005 10.1 39.7 6.3 S 6 — Eq.(D |
0.005 10.7 43.3 7.0 44 A At
0.005 11.2 49.4 7.2 };/ //
0.005 11.9 54.5 6.5 2 A
0.005 16.4 78.9 5.7 /“/k b)
0.005 19.1 93.6 5.8 0 +
0.010 7.9 254 6.6 0.0 0.2 04 0.6 08 1.0
0.010 9.8 41.0 6.2
0.010 125 36.0 7.7 log(h/hy
0.010 10.3 45.0 7.0 . )
0.010 135 37.1 8.0 Fig. 6. Experimen@al pairdh/hg,V/u ) for a given bed slope,
0.010 10.8 512 71 corresponding to different concentration values
0.010 11.5 56.4 6.3
0.010 16.8 77.0 6.6 . . . . R
0.010 15.9 81.4 56 Flg_. 9,_ represents a po_ssmle relationship 'betw\#)q and M
0.010 18.3 96.4 59 satisfying the. hypothesis that the flow resistance increases mo-
0.010 18.6 96.1 5.0 notonoqsly _W|th the concentration, as de_duced by Kouwe*n. As
shown in Fig. 9, these two curves give different values/ob
0.015 76 26.4 6.5 for M>M", and this difference gradually increases as increasing
0.020 73 275 6.4 values ofM are considered. The experimental data, obtained for
0.025 7.1 28.3 6.4 different bed slope and concentrations, have been first used to
0.030 6.8 29.6 6.3 verify the applicability of Kouwen’s method.
0.035 6.7 30.0 6.2 Because no specific evaluation of the bending stiffness of the
0.040 6.5 30.9 6.1 vegetation used for the experiments has been made, the aggregate
0.045 6.4 31.4 6.1 stiffnessMEI has been estimated, for each of the 80 experimental
0.050 6.1 33.0 6.0 runs, by Eq.(4). Then, using Eq(6) or (7), the corresponding

account that the artificial elements used by Kouwen et18i69,

with a concentration oMM =50 stems/drf) showed both shape

values ofu, have been estimated. Finally, using the estimated
ratio u”/u, the values of the coefficients, and C, of Eq. (1)
have been determinddable 1.

Fig. 10 shows the comparison between the experimental val-

and transverse dimensions very similar to those of the vegetationues ofV/u" and the calculated ones using the Kouwen’s method.
elements used in the experiments analyzed in the present workThis method produces a systematical underestimatio/of

we can conclude that the limiting valié” identifying the quasi-
smooth (skimming flow regime falls inside the
50-280 stems/dfn

Fig. 9 shows, as an example, a possible relationdbojdface
curve betweenV/u" and the concentratiol, for given values of
the relative submergendé/h,) and of the bed slopéS). Fig. 9

range

which is greater as the vegetation concentration increases.

The overestimation of the flow resistances is due, as Fig. 9
shows, to the circumstance that the Kouwen’s method is based on
the hypothesis that thé/u” decreases for increasing values of the
concentration.

In order to correct this distortion, assuming E¢®, (6), and

(7) are valid for each of the four ranges of/u; (Table 2, the
values of the coefficient€, and C; minimizing the sum of the

clearly shows a discriminant valud", to which corresponds the
minimum value ofV/u". The no-boldface curve, also shown in
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Fig. 8. Experimental pair§VR,n), for concentration values equal to
(a) 280-310; andb) 440 stems/dr) corresponding to different bed
slope valuesS

Fig. 7. Experimental pairgh/hg,V/u"), for a given concentration,
corresponding to different bed slope valuSs,

squares of the differences between the measured values and Taking into account that the bending stiffneSk affects the
the calculated ones have been estimated. The estimated values 6fegetation inflection degrehs/H,), Eq. (8) can be rewritten as
C, and C,, also reported in Table 1, highlight th&l, strongly follows:

depends on the particular considered configuration, whjles-

sumes a constant value for all prone configurations which is ap- Fi(V,U',p,,Hy,h,h,M) =0 9)

proximately double the value corresponding to the erect configu- in which F,=functional symbol.

ratllon'.:. 11 th . bet h . tal val ¢ The application of thél-theorem allows expression of E@®)
nmg. 11, the comparison between the experimental values o using five dimensionless terms as follows:

V/u" and the calculated ones using Kouwen’s method, with the

“calibrated” coefficientCy andC,, is reported. Fig. 11 shows that \V, uhs h H,
with the exception to the case of high concentration U = < N 'h’h’M> =0 (10
(440 stems/d), the points are close to the line of perfect agree- s s
ment. where f=functional symbol;v=kinematic viscosity; and/ has

For a rigid and straight prismatic channel, for a flow without to be considered equal to the raib/ M, in which Mg is a refer-
sediment transport, assuming that the vegetated elements are unince concentration set equal to 1 stem?dm
formly distributed and neglecting the dissipative effects due tothe  As it is known a physical phenomenon follows the complete
soil where the vegetation is rooted, the applicatiodletheorem self-similarity condition (Barenblatt 1979,, 1987, 1993; Ferro
(Barenblatt 1979 allows the expression of the flow resistance 1997; Ferro and Pecoraro 2000r a given dimensionless group

law by the following functional relationship: I1,, if the functional relationshipgl;=¢(I1,,I15,...,I1,) represent-
ing the considered phenomenon, in whit¢h;,II,,I15.... I1;
F(V,u",p,p,H,,ElLh,M)=0 (8) =dimensionless groups, is independentbf
The self-similar solutions can be found analyzing the function
where p=water viscosity;p=water density; and-=functional ¢ for I1,—0 or II,—o; if the function tends to a finite limit
symbol. different from zero, the self-similarity is called complete; if the
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Fig. 9. Relationship betweeN/u” and the stem concentration

function assumes a limit value equal to zero or to infinity, the

30 I I
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25 4 0310 stems dm™
@ 440 stems dm™>
B2
'g i AA )
%15 o /a
*§ o A SR
o0
s1°
®
0
0 5 10 15 20 25 30

V/u* measured

Fig. 11. Comparison between the measured valueg/of and those
calculated by calibrated Kouwen’s method

self-similarity is incomplete and the phenomenon is described by gach numerical coefficiert;, a,, andas assumes the same value

the following relationshigBarenblatt 1979, 1987
I, = H?\ “p1(Mp, I, ..., Ty

in which 3=numerical constant; ang,=functional symbol.

Therefore, assuming an incomplete self-similarity condition
for the groupsh/hg, u'hg/v, andH,/h,, Eqg. (10) gives the fol-
lowing resistance law:

=g (5 R
o =AM hg v hg

11

(12)

where a;,a,,az=numerical coefficients that have to be deter-
mined using the available measurements; Agdv) =unknown

(according to the hypothesis of incomplete self-similarfor the
four considered configurations and that oy depends on the
concentratiorM. The estimated values &, a;, a,, andaz co-
efficients are listed in Table 6.

In Fig. 12, the experimental values ¢fu” and the calculated
ones by Eq(12) with the coefficient values listed in Table 6, are
plotted. Fig. 12 shows that the points referring to the experiments
carried out by Kouwen et a(1969 show the greatest dispersion
from the line of perfect agreement.

This poor agreement of Eq12) to Kouwen's experimental
data can be attributed to the dependence on the téhy/v,
that is presented in Eq12) but was not taken into account by

function of M that assumes, for a given concentration, a constant Kouwen.

value.

For each concentration value(50, 280, 310, and
440 stems/dr), Eq. (12) has been arranged to the available ex-
perimental data in order to estimate the 4 coefficidgisa;, a,,

In order to verify this hypothesis, E¢L2) has been rearranged
using only Kouwen et al.’s experimental ddfi969 and assum-
ing a,=1.168 anda;=-0.861. The fitting of Eq.(12) to the
experimental data was obtained By=0.368 anda,=0.086. The

andag. The estimation procedure was carried out imposing that value of a, is almost equal to zero confirming the substantial

30 T T
A 280 stems dm™

N
W
1

O 310 stems dm™

® 440 stems dm™>

N
[=]

V/u* calculated

10
A
5
® ]
e j0®
0 A T T T
0 5 10 15 20 25 30

V/u* measured

Fig. 10. Comparison between the measured valueg/of and those
calculated by Kouwen’s method

nondependence of Kouwen’s datE969 on u'hy/v. Finally, fit-
ting Eq. (12—by a,=1.168,a,=0, andaz=-0.861—to the ex-
perimental data of Kouwen, the valdg=0.780 was estimated.

In Fig. 13, the comparison between the experimental values of
V/u" and the calculated ones by Ed2) is reported. In this last
case, the coefficients reported in Table 6 are used for the concen-
trations 280, 310, and 440 stems/dnwhile A;=0.780, a;
=1.168,a,=0, anda;=-0.861 are assumed for the concentration
of 50 stems/drh

Therefore, the analysis suggests that the dimensionless term
u'hg/v has to be considered in the flow resistance law only when

Table 6. Coefficients of Eq. (12) Corresponding to Different
Concentration Values

M

(stems/drf) Ay a; a, ag

50 4,674 1.168 -1.023 -0.861
280 17,948 1.168 -1.023 -0.861
310 21,127 1.168 -1.023 -0.861
440 51,138 1.168 -1.023 -0.861
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A 50 stems dm? Kouwen et al. (1969)
25 A 280 stems dm? this study ® .\‘
T o 310 stems dm® this
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o
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5 Fig. 14. Relationship between the scale facfgrof Eq. (12) and the
vegetation concentration for loM values
0 “1 1
Y 5 1015 20 25 30 vegetation heighH, equal to 0.13 m and three concentration

values(10.20, 15.60, and 20.40 stems/dnvere employed.

Wilson and Horritt(2002 carried out an experimental study
Fig. 12. Comparison between the measured valueg/of and those using a sloping flumeslope equal to 0.00land a submerged
calculated by Eq(12) using coefficients listed in Table 6 flexible vegetation(common garden grasswith a vegetation
height in the absence of flow,, equal to 0.07 m and a vegeta-
tion concentration equal to 25.0 stems/fdm

high values(greater than a limit value falling in the range of The values of thed, coefficients, estimated by applying Eq.
50< M <280 stems/df) of the vegetation concentration occur. (12) with a,=1.168,a,=0, andas=-0.861(low concentrations

This result can be justified taking into account that, according to \; <5q stems/d) and a least-squares technique, are listed in

Gourlay(1970 and Kouwen et al(1969, the flow velocity inside Table 7. In the same table, the valueshgf a,, a,, anda, for the

the vegetated layer can be deduced from the shear velocity; in this, ;5 “high concentrations” 280 stemsFdare also listed. The
case, the dimensionless temihy/v is the Reynolds number of

- Y X X following power relationships can be fitted to the pdi, Ay):
the flow inside the vegetated layer of thickness equékt&ince
by increasing the concentratidvl an appreciable decreasing in Ag=43.4M7H0%2 (13
flow velocity inside the vegetated layer occurs, the study of the for M <50 stems/drh (Fig. 14 and
dissipative phenomena has to take into account the shear Rey-
nolds number. A= 0.0275M2-3701 (14)
For validating the flow resistance la¢l2) in the range of for M =280 stems/df(Fig. 15.

M =50 stems/drhadopting the coefficients,=1.168,8,=0, and The comparison between measured and calculated friction fac-

?23;0_30 .gr?c},V\;'rlfor:]q;r?juljirrrr]'?g(s)ogarr:eeri ;Il;g b)éedRaffaelll et al. tor values(Fig. 16) shows good agreement for the available ex-
! ! w used. perimental vegetation data set.

outTit;eae);FoeprilrrE)e:‘}Lar:&]srllzp(: Ec?::letlg gto‘q‘gggg?ngvazsgir:?i I'n conclusion, Eg.(lZ) can be used for gstlmatlng the flow'
ments simulating the behavior of the na{tural plant “Isolepsis.” A resistance for flexible submerged vegetation. If the geometric
) characteristics of both the vegetatignegetation concentration
M, bending stiffnes&l, and height in absence of floi;,) and the

V/u* measured

30 channel (slope and cross section geometigre known, then
A 50 stems dm® Kouwen et al (1969) determining the friction factor requirgby Eqg.(12)] the estimate
A 280 stemns dm? this study . of the bent vegetation height that can be evaluated by E).
25 1 O 310 stems do? this study Therefore, for a given value of water depth=VghSandhs [Eq.
o @ 440 stems dny* this study ° (3)] values can be calculated, and by introducing them into Eq.
£20 (12—with a,=1.168, a,=0 (for M <50 stems/df) or a,=
3
g 15 - 100000
B
> 10 = 7
Q
5 <
0
o 5 10 15 20 25 30 10000
100 1000

V/u* measured ;
M [stems dm™]
Fig. 13. Comparison between the measured valueg/of and those
calculated by Eq.(12) using coefficients listed in Table 6 for Fig. 15. Relationship between the scale factgrof Eq. (12) and the
M =280 stems/drh vegetation concentration for highl values
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Table 7. Coefficients of Eq(12) Corresponding to Different Concentration Values

M

Source (stems/drf) Ay a a, ag
Raffaelli et al.(2002 10.2 3.715 1.168 0.000 -0.861
Raffaelli et al.(2002 15.6 2.941 1.168 0.000 -0.861
Raffaelli et al.(2002 20.4 1.708 1.168 0.000 -0.861
Wilson and Horritt(2002 25 1.184 1.168 0.000 -0.861
Kouwen et al.(1969 50 0.780 1.168 0.000 -0.861
This work 280 17,948 1.168 -1.023 -0.861
This work 310 21,127 1.168 -1.023 -0.861
This work 440 51,138 1.168 -1.023 -0.861
-1.023(for M =280 stems/df), a;=-0.861, andA, calculated Using some experimental data collected in a laboratory chan-

by Eq. (13 (for M<50 stems/df or by Eq. (14) (for M nel with a bed covered with submerged grass vegetation, the de-
=280 stems/df)—the mean flow velocity and corresponding veloped analysis highlighted that Kouwen’s method produces a
discharge can be determined. systematical overestimation of flow resistance. The overestima-
Further research should be carried out in the range of tion increases with the concentration of the vegetal elements. For
50< M < 280 stems/diy where a transitional behavior from the obtaining good agreement with the experimental data, the method
condition of low to high concentrations can be hypothesized and needed calibration; in particular, the coefficients appearing in the
where the discriminant concentratidf’ occurs. semilogarithm flow resistance law were re-estimated.
Applying the Riabucinski—Buckingam theorem and the incom-
plete self-similarity condition, a new flow resistance law was de-
Conclusions duced. This law established that the friction factor can be esti-
mated by the shear Reynolds number, the relative submergence,
In a torrential stream, characterized by an exuberant vegetationand the degree of vegetation inflection.
both on the bed and on the banks, the evaluation of the flow The four coefficients appearing in this law have been esti-
resistance law has to take into account the dissipative effects duemated using all of the available measurements corresponding
to the presence of vegetal elements determining the channeto four vegetation concentrationg50, 280, 310, and
roughness. This evaluation strongly depends on the hydraulic be-440 stems/dr). The estimation has been carried out by imposing
havior of the vegetation that can assume a rigid configuration or athat only the scale factak, of the flow resistance law depends on
flexible one and, with reference to the water depth, it can be the vegetation concentration. Previous studies highlighted that for
emergent or submerged. For flexible vegetation, the evaluation ofhigh concentration values the flow velocity inside the vegetated
the flow resistance law clashes with the difficulty to both layer is strongly reduced. The developed analysis showed that for
estimate—for each examined hydraulic condition—the bent veg- high concentration values the study of the dissipative phenomena
etation height and to adequately take into account the influence ofhas to take into account the shear Reynolds number. For low
the vegetal elements’ concentration. In this paper, Kouwen’s concentration values, the estimate of the friction factor can be
method was reviewed first. Characterizing the vegetation ele- obtained by the relative submergence and the vegetation inflection
ments from a biomechanics point of view, the method introduces degree. For high concentration valueggreater then
the so-called “aggregate stiffness” that takes into account both the50 stems/dr), the analysis showed that the dimensionless term
concentration and the bending stiffness of the elements. u'hg/v also has to be considered in the flow resistance law. For
both caseslow and high concentratiopstwo equations for esti-
mating the scale factoh, of the flow resistance Eq12) were

30 T r deduced.
8 M =102 stems dm® Further research should be carried out in the range 80

25 4| &M=156stems dur® L <280 stems/drfor investigating the transitional behavior from
=, # M= 20.4 stens d® the condition of “low” to “high” concentrations and for establish-
8 20 4 M= 30 stems o hd ing the discriminant concentration value.
=3 0 M = 280 stems dm®
% 0 M = 310 stems dm? <5
:’ 15 44 ® M =440 stems dm® ">
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Cy.C; = numerical coefficients of Eq1);
E = longitudinal modulus of elasticity;
F,F.,f = functional symbols;
H, = no-submerged vegetation height;
h = water depth;
hs = bent vegetation height;
| = moment of inertia;
M = vegetation concentration;
M* = vegetation concentration discriminating the
quasi-smoothskimming flow regime;
S = bed slope;
u" = shear velocity;
u; = critical shear velocity;
V = mean flow velocity;
y = distance from channel bed;
v = water specific weight;
8 = numerical constant;
i = water dynamic viscosity;
v = water kinematic viscosity;
p = water density;
IT; = ith dimensionless group;
¢,9; = functional symbols; and
&, b1, 0= functional symbols.
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