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The control and management of soil erosion phenomena caused by rainfall and runoff is a significant issue in
sloping landscapes, especially if they are scarcely or not vegetated. The study of the relationship between soil
roughness and flow resistance is a fundamental step in improving the knowledge of erosion processes. In this
study, the suitability of a theoretically deduced flow resistance law, based on a power-velocity profile, was

Keywords: assessed by transitional and turbulent overland flow data obtained in laboratory and available in the literature.
Overland flow . . . . .

Roughness These measurements were obtained in a sloping (slope in the range 1-40 %) rectangular flume, testing the effects
Vegetation of six different roughness conditions. At first, for each investigated roughness condition, the available mea-
Dimensional analysis surements were used to calibrate and test the equation relating the I" function of the velocity distribution, the
Self-similarity flow Froude number, and the channel slope. For all the investigated conditions, this analysis allowed for

demonstrating that the flow resistance law gives a reliable estimate of the Darcy-Weisbach friction factor, with
errors <+5 % for 89.8-100 % of the examined cases with reference to the considered roughness condition. Then,
using coefficients b (1.05) and c (0.562) of the I' function available in the literature, the roughness effect was
exclusively attributed to the a coefficient. In this case, the friction factor values calculated by the flow resistance
law, with b = 1.05 and ¢ = 0.562 and the a values corresponding to the different roughness conditions, are
characterized by errors <+5% for 70.4-100 % of the cases. Finally, the power relationships between the cali-
brated a, b, and c coefficients of the I" function, and Manning’s n values, corresponding to the roughness of the
investigated surfaces, pointed out that the a coefficient is the most affected by the roughness conditions, as the
exponent of Manning’s assumes the highest value. The significance of this research is due to the fact that a
relevant issue in modeling overland flow is to define the resistance coefficient for variable roughness, especially
the vegetated ones.

1. Introduction

Controlling soil erosion phenomena caused by rainfall and runoff is
one of the most significant challenges in the management of sloping
hillslopes, particularly if there is no vegetation. Interrill and rill erosion
are the principal processes occurring when sloping hillslopes are not
appropriately shielded from rainfall and runoff. Erosion phenomena,
roughness and hydrodynamic properties interact with each other.
Overland flows can be recognized for their shallow water depths and
limited bed shear stresses (Abrahams et al., 1994; Toy et al., 2002).
According to Emmett (1970), the overland flow regime on hillslopes
tend to vary from laminar at the hilltop to fully turbulent at some

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

https://doi.org/10.1016/j.jhydrol.2024.131858

distance down the slope. Moreover, they have different flow regimes (i.
e., from laminar to turbulent) (Cen et al., 2022) and hydraulic resistance
characteristics in dependence of roughness characterizing the surface on
which they move (i.e., bare soil, gravel, vegetated soil, etc.) (Ma et al.,
2022; Liu et al., 2023; Zhang et al., 2024).

For smooth beds, some Authors (Yoon and Wenzel, 1971; Shen and
Li, 1973) pointed out the influence of rainfall intensity on overland flow
resistance for Reynolds number Re values less than 2000. For a rough
bed made of glued sand grains, Katz et al. (1995) observed that flow
resistance is influenced by raindrop impact and channel-bed roughness.
Nearing et al. (2017) found an increasing relationship between slope
and surface roughness, which counterbalances the expected increase in
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flow velocity on steeper slopes. This condition, called “slope velocity
equilibrium”, is consequently due to the reciprocal influence between
overland flow and soil surface morphology and is comparable with the
feedback mechanism stated by Govers (1992) (Di Stefano et al., 2021;
2022a) for rill flows. Considering this hypothesis and the fact that slope
and rainfall intensity affect the Darcy—Weisbach friction factor f, hy-
draulic equations like Manning and Darcy—Weisbach, are difficult to
apply modeling runoff at hillslope scale.

Polyakov et al. (2018) reported the experiments performed at the
Southwest Watershed Research Center for overland flows with rainfall
simulation at the plot scale and with the presence of vegetation. These
data were analyzed by Nicosia et al. (2020a), who presented a theo-
retical overland flow resistance law and found negligible effects of
roughness on flow friction due to the laminar flow regime characterizing
the experimental measurements.

Ferro and Nicosia (2020) tested a flow resistance law by the mea-
surements reported in Sun et al. (2020) for tilled surfaces, characterized
by different roughness conditions. The experimental measurements
were used to determine the effect of the starting roughness and evaluate
how the friction factor is affected by the temporal evolution of rough-
ness. Their results highlighted that the starting roughness was influ-
enced by the applied tillage method, and the flow resistance diminished
during the experiment due to the flow modeling action. In fact, at the
beginning of the experiments, both grain resistance and tillage-induced
surface roughness constituted the total flow resistance, while, at the end
of the experiments, the flow modeling action had reduced the surface
roughness due to tillage and, consequently, its resistance.

Nicosia et al. (2020a; 2020b; 2020c) presented a theoretical overland
flow resistance law, which is summarized below and in the Appendix A.
The local flow velocity distribution v(y) along a given vertical of an
overland flow is represented by the following functional relationship
(Barenblatt, 1987; 1993; Ferro, 1997):

dv .
¢(@7y7hadau*7s7l7pvﬂ7g) =0 (l)

where ¢ is a functional symbol, y is the distance from the bottom, h is the
water depth, d expresses the soil grain roughness, us = (gRs)*> is the
shear velocity, g is the gravitational acceleration, R is the hydraulic
radius, s is the slope, i is the rainfall intensity, p is the water density, and
p is the water dynamic viscosity.

Applying the II-theorem of the dimensional analysis (Barenblatt,
1987), Eq. (1) can be rewritten in the following dimensionless form:

I, = ¢, (I, 3, T4, 15, T, I17) )

in which ITy, Iy, I3, 14, ITs, 1 and I1; are dimensionless groups and ¢;
is a functional symbol.

The power velocity distribution (Eq. (10A), Appendix A) can be
rearranged as:

5
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where Re; = i h/vy is the rain Reynolds number (Nicosia et al., 2020c), vk
is the kinematic viscosity, F = V/(gh)®® is the Froude number, and § can
be obtained by the following relationship proposed by Castaing et al.
(1990):
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where Re = V h/vi is the Reynolds number.
As F accounts for the depth sediment ratio h/d and the shear Rey-
nolds number u+h/vy (Ferro, 2018), the velocity profile becomes:

)
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By the integration of (Eq. (5)), the Darcy-Weisbach friction factor f is
attained as (Di Stefano et al., 2017; Ferro, 2017; Ferro and Porto, 2018):

2
T+
} (6)

Settling on y = a h (i.e., the distance from the bed where the local
velocity equals the cross-section average velocity V) in Eq. (5), the
expression I'y of the I function is the following (Ferro, 2017; Ferro and
Porto, 2018):

|4
8
e
where a (<1) is a coefficient which allows for not neglecting that V is
located below the water surface and that the mean velocity profile is
obtained by the mean, for each distance y, of the velocities v belonging

to different verticals.
Ferro (2017) proposed the following theoretical equation to obtain a:
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Several studies (Di Stefano et al., 2022b; Ferro, 2017; 2018; 2019;
Nicosia et al., 2021), testing the applicability of Eq. (6) for different
hydraulic conditions, applied the following relationships of I':
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where a, b, ¢, and e are coefficients derived by the measurements.
Obviously, Eq. (10) equals Eq. (9) for e = 0.

Nicosia et al. (2020b), utilizing experimental data reported in
Nearing et al. (2017) for overland flows with rainfall simulations (i = 59
and 178 mm h’l), established that Re cannot explain the rainfall effect
and, consequently, both Re; and Re are variables for predicting f. They
demonstrated that Eq. (10) with a = 0.323, b = 1.2833, ¢ = 0.6698, and
e =0.0787 leads to accurate I'y estimates, while Eq. (9) (a = 0.4054, b =
1.2794, ¢ = 0.6633) gives underestimated and overestimated I'y values
for i = 59 mm h~! and overestimated for i = 178 mm h™!, respectively.

The data reported in Polyakov et al. (2018) (4 vegetation types, s
varying from 3.6 % to 39.6 %, 16 < Re < 709, and 0.02 < F < 0.47) were
analyzed by Nicosia et al. (2020c), who proposed:

F1.27

T, IGW an
14

where the a coefficient is dependent on the vegetation type. Even if the
vegetation types were different, similar values of a coefficient were
obtained, and this outcome was justified by the circumstance that the
investigated flows were characterized by a laminar flow regime which
determines negligible effects of roughness on flow resistance. Never-
theless, the results also highlighted that the best approach to estimate fis
using a specific coefficient a for each vegetation type.

As suggested by Ferro and Nicosia (2020), the relationship between
morphological surface roughness and hydraulic resistance can be a
significant tool for fully understanding erosion phenomena and pre-
dicting some important variables, such as flow velocity. A significant
issue in predicting overland flow is establishing the resistance coeffi-
cient for different surfaces (Kowobari et al., 1972). For this reason, in
this study, a theoretical flow resistance law (Eq. (6)) (Ferro, 2017, 2018,
2019; Ferro and Porto, 2018) was used for the measurements by Hins-
berger et al. (2022), performed for transitional and turbulent overland
flows with different roughness conditions. The available data were used
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for (i) testing the accuracy of the approach to estimate f; (ii) studying the
effect of different roughness conditions on flow resistance; and (iii)
establishing a relationship between the a, b, and ¢ coefficients and
Manning’s n values, corresponding to the roughness of the investigated
surfaces.

2. Database by Hinsberger et al. (2022)

In this investigation, the measurements performed by Hinsberger
et al. (2022) were used (Hinsberger et al., (2021) [dataset] https://doi.
org/10.6084/m9.figshare.17142440.v1). These measurements were
carried out in a sloping (slope s varying from 1 to 40 %) rectangular
flume, 0.5 m wide, 4 m long, and 0.35 m deep, with a coated plywood
bottom and aluminum walls. During the experiments, the entire flume
bed was covered with an inset. In particular, six different roughness
conditions (aluminum, artificial grass, wheat, cement-based coating,
asphaltic emulsion, and exposed aggregate concrete) were investigated.
The flow discharge was measured by a magnetic-inductive flow meter,
while water depth values were measured by a point gauge located in the
flume axis to prevent disturbance due to the inlet and outlet areas. For
the “wheat” runs, as the culms exceeded the flume walls, they were
slightly bent at the top to measure the water depths. The two roughness
conditions that investigate vegetation effects on flow behavior represent
fully-submerged (artificial grass) and partially-submerged (wheat)
vegetation.

A total of 730 data were collected. In Table 1, the ranges of slope,
flow Froude number, and Reynolds number are listed. The investigated
flows are always turbulent (7061 < Re < 111258) and both sub-critical
and supercritical (0.27 < F < 6.86).

The available data were divided into six datasets, distinguished by
the examined roughness condition. Then, each dataset was divided into
two sub-datasets for calibrating and testing the theoretically-based flow
resistance law. The division was made including measurements covering
the whole experimental ranges for both the calibrating and testing sub-
datasets.

3. Results

Fig. 1 clearly shows the trend of the Darcy—-Weisbach friction factor
values, f=(8gRs)/ V2, related to the roughness condition. In particular, as
expected, the lowest values of f were obtained for aluminum, which is
the smoothest examined surface, while the highest f values correspond
to the two roughness conditions characterized by vegetation, i.e., wheat
and artificial turf.

The available calibrating datasets were used to calibrate Eq. (9), and
the obtained values of the a, b, and c coefficients are listed in Table 1.
Fig. 2, as an example for the artificial turf condition, shows the com-
parison between the measured I'y values and those calculated by Eq. (9)

Table 1
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with the a, b, and c coefficients listed in Table 1.
Substituting Eqs. (9) into Eq. (6), the following flow resistance
equation was obtained:

21-3Re’aF® a2

;- 8{(“ 1)(5+2)scr+a
in which 8 is calculated by Eq. (4).

Fig. 3, as an example for the artificial turf condition, shows the good
agreement between the measured f values and the ones calculated by Eq.
(12) with the a, b, and c coefficients listed in Table 1. The friction factor
values calculated by Eq. (12), introducing the corresponding values of
the a, b, and c for each condition, are characterized by percentage of data
falling into the error bands of +5 % and +2.5 % reported in Table 1.

Since the approach gave a good estimate of f for each roughness
condition, the calibration was carried out for each whole dataset,
obtaining the a, b, and c coefficients listed in Table 2. Fig. 4, as an
example for the artificial turf condition, shows the comparison between
the measured I'y values and those calculated by Eq. (9) with the a, b, and
c coefficients listed in Table 2.

Fig. 5, as an example for the artificial turf condition, shows the good
agreement between the measured friction factor values and the ones, f,
calculated by Eq. (12) with the a, b, and ¢ coefficients listed in Table 2.
The Darcy-Weisbach friction factor values calculated by Eq. (12),
introducing the corresponding values of a, b, and ¢ for each condition,
are characterized by the percentages of data falling into the error bands
of +5 % and +2.5 % reported in Table 2.

Successively, the obtained mean values of b (1.05) and ¢ (0.562)
were fixed, and, investigating the behavior of the pairs (I', X = FL05
570-562) (Fig. 6), the a coefficient, equal to the slope coefficient of the
best-fit straight line passing through the origin of the axes, corre-
sponding to each roughness condition, was determined, obtaining the
values listed in Table 3. Fig. 7 shows the comparison between the
measured I'y values and those calculated by Eq. (9) with the a values
listed in Table 3, and b = 1.05 and ¢ = 0.562. Fig. 8 shows the agreement
between the measured friction factor values and the ones, f, calculated
by Eq. (12) introducing the corresponding a values listed in Table 3, and
b =1.05and ¢ = 0.562.

In this case, the friction factor values calculated by Eq. (12), and the
corresponding a values listed in Table 3, and b = 1.05 and ¢ = 0.562, are
characterized by percentage of data falling into the error bands of +5 %
and +2.5 % reported in Table 3.

Since the values of a listed in Table 3 are included in a small range,
the mean value (0.3613) was used to test the applicability of a unique
value independent of the roughness condition. Fig. 9 shows the com-
parison between the measured I'y values and those calculated by Eq. (9)
with a = 0.3613, b = 1.05, and ¢ = 0.562. Fig. 10 shows the agreement
between the measured f and the ones calculated by Eq. (12) with a =

Experimental ranges of s, Re, and F, and values of the a, b, and c coefficients of Eq. (9) estimated by the calibrating dataset, and percentage Pr of data falling into the

error bands of +5 % and +2.5 %.

Roughness condition Runs s (%) Re F a b c Py Pz
E < +5% E<+25%

artificial turf 75(c) 1-40 7375-111258 0.27-2.16 0.3307 1.1282 0.5883 100 98
74(t)

wheat 39(c) 1-35 7375-55551 0.42-2.28 0.3426 1.0704 0.5735 92.2 68.8
38(1)

cement-based coating 84(c) 1-40 7532-110317 1.32-4.97 0.3989 0.9992 0.5477 94 77.4
84(t)

asphaltic emulsion 60(c) 1-40 7061-110317 0.96-4.60 0.3906 1.0134 0.5476 98.3 90
59(t)

exposed aggregate concrete 60(c) 1-40 7061-110317 0.82-3.96 0.3698 1.0378 0.5565 100 99.1
59(t)

aluminum 49(c) 1-40 7846-110160 1.40-6.86 0.4402 0.9652 0.5328 90.8 45.9
49(t)

¢ = calibrating; t = testing; Py = percentage of cases in which errors in the estimate E are less than or equal to a given value (+5 and + 2.5 %).
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Fig. 1. Frequency distribution of the Darcy-Weisbach friction factor values related to the roughness condition.
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Fig. 2. Comparison, as an example for the artificial turf condition, between the
measured I', values and those calculated by Eq. (9) with the a, b, and ¢ co-
efficients listed in Table 1.

0.3613, b = 1.05, and ¢ = 0.562. In this case, the friction factor values
calculated by Eq. (12), with a = 0.3613, b = 1.05, and ¢ = 0.562, are
characterized by errors <45% for 81 % of cases and <+2.5 % for 64.8 %
of cases.

Notwithstanding the differences in terms of f highlighted by Fig. 1,
the theoretical approach guarantees a reliable estimate of the Dar-
cy-Weisbach friction factor also not considering the variability of the
roughness condition, i.e., using the unique mean value of a = 0.3613 and
fixing the b and c coefficients to 1.05 and 0.562, respectively. However,
the best estimate of f is obtained when the roughness condition is
considered calibrating Eq. (9) for the whole dataset for each roughness
condition.

At last, the values of the a, b, and c coefficients (Table 2) were related
with the mean Manning’s n values, calculated as n = Y2 R¥ 3)/V,
corresponding to the examined surfaces and their roughness (Fig. 11).
Fig. 11 points out that the estimated coefficients are strictly related with

10
©
Q
©
S 1
o
©
(&)
Y
@calibrating
@testing
0.1
0.1 1 10
f measured

Fig. 3. Agreement, as an example for the artificial turf condition, between the
measured friction factor values and the ones calculated by Eq. (12) with the a,
b, and c coefficients listed in Table 1.

Table 2
Values of a, b, and c coefficients obtained calibrating Eq. (9) for each whole
dataset, and percentage of data falling into the error bands of +5 % and +2.5 %.

runs a b c Pz Pz
E< E <
+5% +2.5 %
artificial turf 149 0.3305 1.1286  —0.5888 100 98.6
wheat 77 0.3408 1.0781 —0.5757 90.9 70.1
cement-based 168 0.3802 1.0277 —0.5550  95.8 82.1
coating
asphaltic 119 0.3863 1.0199 —0.5494 99.1 89.9
emulsion
exposed 119 0.3665  1.0438  —0.5582 100 97.5
aggregate
concrete
aluminum 98 0.4067 1.0045 —0.5446  89.8 60.2
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Fig. 4. Comparison, as an example for the artificial turf condition, between the
measured I'y values and those calculated by Eq. (9) with the a, b, and ¢ co-
efficients listed in Table 2.
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Fig. 5. Comparison, as an example for the artificial turf condition, between the
measured friction factor values and the ones calculated by Eq. (12) with the a,
b, and c coefficients listed in Table 2.

the Manning’s n according to the following relationships:

a = 0.2245n7%1% 13)
b = 1.3694n%074 as
¢ = 0.6771n%%2 (15)

4. Discussion

For the artificial turf condition, as an example, Fig. 2 shows that Eq.
(9), whose a, b, and c coefficients were estimated by the calibrating sub-
dataset (Table 1), is positively tested by the independent testing sub-
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Fig. 6. Pairs (I', X = F105 s~0:562y £ the artificial turf condition.

Table 3
Values of the a coefficients obtained fixing b = 1.05 and ¢ = 0.562, and per-
centage of data falling into the error bands of +5 % and +2.5 %.

awithb=1.05and ¢ = Pg Pg
0.562 E< E<+25
+5% %
artificial turf 0.3573 70.6 43.0
wheat 0.3544 92.2 54.5
cement-based coating 0.3646 92.2 86.3
asphaltic emulsion 0.3632 95.8 88.2
exposed aggregate 0.3611 100 96.6
concrete
aluminum 0.3672 87.7 74.5
Mean 0.3613 89.7 73.86
10
T
(<]
hd
T y
=2
o ——
© @ artificial turf
o Owheat
g ocement-b. coating
@ asphaltic emulsion
Oexp. aggr. concrete
@aluminum
0.1 f
0.1 1 10

I', measured

Fig. 7. Comparison between the measured I'y values and those calculated by
Eq. (9) with a values listed in Table 3, and b = 1.05 and ¢ = 0.562.

dataset and the obtained flow resistance law (Eq. (12)) allows a reli-
able estimate of the Darcy-Weisbach friction factor. The agreement
between the measured f values and those calculated by Eq. (12) is
characterized by errors in the estimate (Table 1) that, for 91-100 % of
the cases, are <+ 5 %.
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Fig. 8. Comparison between the measured friction factor values and the ones
calculated by Eq. (12) introducing the corresponding a values listed in Table 3,
and b = 1.05 and ¢ = 0.562.
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Fig. 9. Comparison between the measured I'y values and those calculated by
Eq. (9) with a = 0.3613, b = 1.05, and ¢ = 0.562.

For the artificial turf condition, if the whole database is considered
for estimating the a, b, and c coefficients (Table 2), the agreement be-
tween the measured f values and those calculated by Eq. (12) is char-
acterized by estimate errors (Table 2) that for 89.8-100 % of the cases
are <+ 5 %. The percentage of data falling into the error bands of +5 %
(Table 2) is not related to the investigated roughness condition, con-
firming that the theoretical flow resistance equation is able to give an
accurate estimate of the Darcy—Weisbach friction factor for different
roughness and hydraulic conditions (Di Stefano et al., 2022b; Ferro,
2017; 2018; 2019; Nicosia et al., 2021).

Considering, as obtained in previous investigations (Nicosia and
Ferro, 2023), that the exponents b (1.05) of the Froude number and c
(0.562) of slope can be assumed independent of the investigated
roughness condition, the effect of roughness was explained exclusively
by the a coefficient (Table 3). The good agreement (Fig. 8) between the
measured friction factor values and the ones, f, calculated by Eq. (12),
with b =1.05, c = 0.562 and the corresponding a values listed in Table 3,
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Fig. 10. Comparison between the measured friction factor values and the ones
calculated by Eq. (12) with a = 0.3613, b = 1.05, and ¢ = 0.562.

confirms the reliability of the hypothesis to use a as the single coefficient
affected by the roughness condition. The agreement between the
measured f values and those calculated by Eq. (12), with b = 1.05, ¢ =
0.562 and the corresponding a values listed in Table 3, is characterized
by estimate errors (Table 3) that for 70.4-100 % of the cases are less
than or equal to +5 %.

Since the values of a listed in Table 3 are included in a narrow range,
the hypothesis to use an average value of a coefficient (0.3613) inde-
pendent of the roughness condition was also tested. This theoretical
approach (Eq. (12)) with a = 0.3613, b = 1.05, and ¢ = 0.562) gua-
rantees a good estimate of the Darcy-Weisbach friction factor even if the
flow resistance tends to be underestimated for the vegetated conditions
(wheat, artificial turf) (Fig. 10).

The relationships between the a, b, and ¢ coefficients (Table 2) and
Manning’s n values, corresponding to the investigated surfaces and their
roughness, (Fig. 11) pointed out that a different effect of the Manning’s n
on the considered coefficient can be observed. In particular, the com-
parison among Egs. (13), (14), and (15) highlighted that a is the most
affected by roughness conditions as the exponent of Manning’s assumes
the highest value.

In conclusion, the applied theoretical approach can give an accurate
estimate of the Darcy—Weisbach friction factor and account for the
surface roughness. The obtained results can help in modeling overland
flow defining the resistance coefficient for variable roughness, especially
the vegetated ones.

5. Conclusions

Laboratory measurements, performed by Hinsberger et al. (2022) in
a flume characterized by six roughness conditions (aluminum, artificial
grass, wheat, cement-based coating, asphaltic emulsion, and exposed
aggregate concrete), were utilized to verify the reliability of a theoretical
flow resistance equation suggested by Ferro (2019) and already cali-
brated for vegetated channels and gravel-bed rivers. This equation was
calibrated by the analysis of the relationship between T, F, and s of the
six data sets. Considering, as obtained in previous investigations, that
the exponents b (1.05) of the Froude number and ¢ (0.562) of slope can
be assumed independent of the investigated roughness condition, the
hypothesis of explaining the effect of roughness exclusively by the a
coefficient was also tested. The good agreement between the measured
friction factor values and the ones calculated by Eq. (12), with b = 1.05,
¢ =0.562 and the corresponding a values listed in Table 3, confirmed the
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Fig. 11. Relationship between the values of the a, b, and c coefficients reported in Table 2 and the Manning’s n values corresponding to the examined roughness.
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Appendix A

These similarity parameters are generated by using y, u+, and p as dimensional independent variables and combining the original dimensionless
groups (Barenblatt, 1987):

m = aa)
us dy
225, Ty d d (2A)
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The functional relationship (4) can be rewritten as:

Iy = ¢y (a3, 4, M5 26, M6, e 3.2, T7.2)

where ¢ is a functional symbol.
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(34)

(4A)

(5A)

(6A)

(78)

(8A)

Introducing the expression of each dimensionless group into Eq. (8A), the following relationship is deduced:

dv h ih uy uh
y*:(ﬁz( 4 F)

= gy
U dy d ’l/k7 l/k’ l/k’

(9A)

Assuming the Incomplete Self-Similarity hypothesis in usy/vy (Barenblatt and Monin, 1979; Barenblatt and Prostokishin, 1993; Butera et al., 1993;
Ferro and Pecoraro, 2000; Ferro, 2017), and integrating Eq. (9A) (Butera et al., 1993; Barenblatt and Prostokishin, 1993; Ferro and Pecoraro, 2000,

Nicosia et al., 2020b) the following power velocity distribution is obtained:

1% 1 u-h h wy\’
e {51153 (y_k7 3757R317F) } (I/_k)

in which ¢s3 is a functional symbol and § is an exponent.
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