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 Floating aquatic vegetation, particularly water hyacinth (Eichhornia crassipes), 
significantly alters open channel hydraulics by introducing surface and subsurface flow 
resistance to the flow. This study experimentally investigates the influence of floating 
vegetation on the vertical distribution of streamwise velocity and flow resistance in an 
open channel flume using natural water hyacinth under varied conditions of vegetation 
densities and root depths. Vertical profiles of streamwise velocity were measured using 
a Pitot tube at multiple depths, and water surface elevations were recorded to evaluate 
flow resistance. The results reveal that floating vegetation alters vertical velocity 
profiles, forming an asymmetric velocity profile similar to that observed under ice 
covers or closed conduit flows. Vegetation density primarily controls surface blockage, 
while root depth governs vertical momentum redistribution, turbulence generation, and 
shear layer formation. Increasing vegetation density or root depth enhances flow 
resistance and intensifies turbulence near the upper flow region. These findings 
provide quantitative insights into the layered flow structure induced by floating 
vegetation, improving the understanding of energy dissipation, turbulence modulation, 
and resistance mechanisms. The results have practical implications for hydraulic 
modeling, vegetation management, and mitigation of flow obstruction in vegetated 
waterways. 

Keywords: Floating vegetation, Water hyacinth, Vertical velocity distribution, Flow 
resistance, Turbulence, Open channel flow. 

  

 
INTRODUCTION 

 

Aquatic vegetation is common in both natural and 

constructed water systems,, such as rivers, lakes, 

wetlands, and, notably, irrigation canals (Chambers et 

al., 2008; Murphy et al., 2019). While it serves important 

ecological roles, such as providing habitat and affecting 

nutrient cycling (Carpenter and Lodge, 1986), its 

presence has a significant effect on channel hydraulics, 

producing considerable management issues (Green, 

2005; Nepf, 2012). 

Among the several types of aquatic vegetation, 

floating vegetation, which is defined by plants that grow 

primarily on the water surface and have root systems 

that extend below the water column (e.g., water 

hyacinth, duckweed, water lilies) (Wetzel, 2001), 

presents a unique set of hydraulic challenges (Urantinon 

& Pilailar, 2015; Mohamed et al., 2020; Wang et al., 

2024 Li et al., 2025). Invasive and rapidly spreading 

species,, such as water hyacinth (Eichhornia crassipes), 

are particularly problematic globally, capable of 

forming dense mats that severely restrict flow, 

significantly reduce the conveyance capacity of water 

systems, increase flood risks by inducing significant 

backwater effects, and obstruct navigation and the 

proper functioning of hydraulic structures (Pieterse & 

https://jjce.just.edu.jo 
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Murphy, 1990; Villamagna & Murphy, 2010; Li et al., 

2020; Gui et al., 2024). Consequently, a detailed 

understanding and accurate quantification of the 

hydraulic impacts caused by floating vegetation are 

essential for the development of effective water resource 

management strategies, irrigation canal design, and 

efficient maintenance planning (Petryk & Bosmajian III, 

1975). 

Significant research efforts in recent decades have 

focused on clarifying the intricate relationships between 

different types of aquatic vegetation & open channel 

flow dynamics. Early studies demonstrated that 

vegetation enhances flow resistance, often expressed 

through increased Manning’s roughness coefficients, 

Darcy-Weisbach friction factors or vegetation drag 

force (Chow, 1959; Yen, 2002, Xu et al., 2022; Ginting 

et al., 2025, Mahmoud & Uchida, 2026). Subsequent 

experimental and numerical studies have examined the 

impact of different vegetation characteristics, such as 

density, stem/root flexibility, spatial configuration, and 

submergence ratio, on essential flow parameters, 

including mean velocity distributions, turbulence 

structure, and drag forces (Wilson et al., 2003; Järvelä, 

2004; Aberle & Järvelä, 2013; Vargas‐Luna et al., 2015; 

Mahmoud & Uchida, 2024; Mahmoud et al., 2025; 

Mahmoud and Uchida, 2026). Studies focusing on flow 

cover vegetation, including Water Hyacinth or similar 

phenomena, such as ice covers, have repeatedly 

demonstrated significant changes to the vertical velocity 

profile. The introduction of shear resistance at the water 

surface moves the location of maximum velocity lower, 

away from the free surface, resulting in profiles that 

frequently resemble those seen in pipe flow (Huai et al., 

2012; Urantinon & Pilailar, 2015; Han et al., 2018; Li et 

al., 2020; Gui et al., 2024). Urantinon and Pilailar (2015) 

and Mohamed et al. (2020) experimentally investigated 

the effects of water hyacinth on flow characteristics. 

They found that the presence of water hyacinth produces 

a significant heading up effect (an elevation in the water 

surface profile upstream of the vegetated area) and 

fundamentally alters the vertical velocity distribution. 

Despite these advancements, many aspects of the 

hydraulic interactions between floating vegetation 

(water hyacinth) and open channel flow remain 

insufficiently explored, particularly regarding the 

combined influence of surface canopy coverage and 

subsurface root penetration on velocity distribution and 

turbulence structure. The dual resistance from floating 

mats and fibrous roots causes complex effects on flow 

due to the combined surface and subsurface resistance. 

While cumulative impacts of water hyacinth on bulk 

flow resistance are reasonably documented (Mohamed 

et al., 2020) and streamwise velocity characteristics are 

recognized (Urantinon & Pilailar, 2015), no study has 

simultaneously and systematically investigated how 

independently varying both vegetation density and root 

depth controls the layered velocity structure, flow 

resistance parameters, and turbulence behavior in open-

channel flow using natural water hyacinth specimens. 

Moreover, earlier research used artificial vegetation or 

rigid elements to simplify plant morphology (Liu et al., 

2010; Stone & Shen, 2002), neglecting the flexibility, 

buoyancy, and heterogeneous root structures of real 

floating vegetation, which play critical roles in flow-

plant interaction and turbulence modulation (Vargas-

Luna et al., 2015; Chen et al., 2018). The present study 

addresses this gap through a comprehensive series of 

controlled laboratory experiments. 

The experiments were conducted using natural water 

hyacinth to investigate the hydrodynamic effects of 

floating vegetation under systematically varied 

conditions of vegetation density, root depth, and 

discharge. Vertical velocity profiles were measured 

using a Pitot tube at multiple depths, and water surface 

elevations were recorded to estimate flow resistance 

parameters. The study aims to examine how floating 

vegetation alters the overall flow structure, including 

vertical velocity distribution, resistance characteristics, 

and turbulence behavior in open-channel conditions. 

Through these analyses, the study seeks to enhance 

understanding of the interactions between surface and 

subsurface vegetation induced drag and their combined 

effects on flow dynamics, energy dissipation, and 

turbulence generation. The findings provide valuable 

insights for improving hydraulic modeling approaches, 

designing vegetation management strategies, and 

mitigating flow obstruction in vegetated waterways. 

 

EXPERIMENTAL SETUP 
 

The experimental investigation utilized a 

recirculating, horizontal, rectangular open-channel 

flume with dimensions of 10.0 m in length, 0.3 m in 

width, and 0.3 m in depth (Figure 1), and Manning 

roughness coefficient n=0.012 m1/3/s. To ensure stable 

and controlled inflow, an upstream head tank supplied 
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water to the flume. Flow depth adjustments were 

managed via a hinged, variable-sloping tailgate 

positioned at the flume's downstream exit. 

 

 
Figure 1. Experimental setup: (a) plan view of the flume showing the aligned vegetation arrangement, 

the longitudinal position of the velocity measurement section, and the start and end points of the water surface 

measurement range; (b) side view of the flume showing the position of water hyacinth plants relative to the water 

surface (W.S.); (c) main components of a water hyacinth plant; and (d) Pitot tube arrangement showing the vertical 

distribution of streamwise velocity measurement points within the flow depth h 

 

Floating vegetation conditions were simulated using 

natural water hyacinth plants (Eichhornia crassipes), 

which were collected from local natural streams prior to 

the experiments. Structurally, water hyacinth exhibits 

bulbous petioles that ensure buoyancy at the water 

surface, horizontally and vertically spreading leaves, 

and dense fibrous roots extending into the flow (Gaurav 

et al., 2020) (Figure 1c), which enhance form resistance 

and turbulence generation in the subsurface region. The 

selected plants were positioned within the middle 

section of the flume, with a coverage length of 3.00 m, 

starting 3.0 m downstream from the channel entrance in 

aligned arrangement as shown in Figure 1a). To prevent 

the plants from drifting with the flow and maintain the 

desired densities, a support system was employed, as 

detailed by (Mohamed et al., 2020). This involved 

wooden frames (0.29 m wide, 1.00 m long) divided into 

smaller equal rectangles by fine cotton thread, within 

which the plants were placed. These frames were 

suspended approximately 2 cm above the water surface 

using fine cotton threads, minimizing retardation to the 

surface flow by the system itself. Preliminary tests 

conducted with the wooden frame alone (without any 

vegetation) showed that velocity profile deviations were 

less than 2%-3% compared to free-flow conditions, 

confirming that the frame itself introduces negligible 

additional hydraulic resistance. 

Comprehensive experimental initial conditions were 

set up to investigate the influence of various vegetation 

and flow parameters, with the range of variables 

summarized in Table 1. Four different vegetation 

densities (λ) were tested: 30, 60, 90, and 120 plants/m². 

The effect of root penetration was examined using three 

distinct vegetation root depths (kr): 1 cm, 3 cm, and 5 cm 

measured below water surface. The selected vegetation 

density range (30-120 plants/m²) and root depth range 

(1-5 cm) were chosen to represent the growth stages of 

water hyacinth from young to mature plants, consistent 

with field observations reported by Gaurav et al. (2020).  

For each configuration, a range of four flow discharges 

(Q) was passed through the flume: 10, 12, 14, and 16 

L/s. All experimental conditions correspond to 

subcritical flow with Froude numbers in the range Fr = 

0.14-0.22 and Reynolds numbers Re > 11,000, 

confirming fully turbulent flow. For each run series in 

Table 1, vegetation density was increased incrementally 

from 30 to 120 plants/m² by adding plants to the existing 

mat, while root depth and discharge were held constant. 

The root depth was then changed to the next level and 

the full density-discharge matrix was repeated. In 

addition to vegetated experimental runs, a baseline case 

without any water hyacinth was also performed under 
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corresponding flow conditions for comparative analysis. 

These baseline free-flow experiments serve as the 

reference condition against which all vegetated cases are 

compared throughout the study, enabling direct 

quantification of the vegetation-induced increase in flow 

resistance parameters. The flow streamwise velocity is 

measured with a Pitot tube at the middle of the 

vegetation area (1.50 m downstream of vegetation 

beginning (Figure 1a) at different points in the vertical 

direction every 0.10 of water depth starting from 

channel bed to the water surface (Figure 1d). While 

water depths are measured with point gauges every 0.30 

m along the flume outside and inside the vegetation area, 

the measurement sections extend from 1.0 m 

downstream of the channel inlet to 1.50 m beyond the 

vegetation area, as illustrated in Figure 1a. Measurement 

accuracy was assessed based on instrument 

specifications and repeatability of readings. For the 

point gauge, the accuracy is ±0.1 mm. For the Pitot tube, 

repeated readings at the same point under identical flow 

conditions yielded velocity values within ±2%-3% of 

the mean. 

 

Table 1. Summary of experimental conditions 

Run Series Discharge Q (L/s) 
Vegetation Density 

λ (plants/m²) 
Root Depth kr (cm) 

Number of 

Runs 

Baseline (no vegetation) 10, 12, 14, 16 — — 4 

Series 1 10, 12, 14, 16 30, 60, 90, 120 5 (fixed) 16 

Series 2 10, 12, 14, 16 30, 60, 90, 120 3 (fixed) 16 

Series 3 10, 12, 14, 16 30, 60, 90, 120 1 (fixed) 16 

Total    52 

 

RESULTS AND DISCUSSION 

 

Vertical Distribution of Streamwise Velocity for 

Free-vegetation Cases 

To first verify the accuracy of the experimental data, 

the vertical profiles of streamwise velocity obtained 

under free-flow conditions (without vegetation) for 

different discharges were compared with the theoretical 

logarithmic velocity distribution, as shown in Figure 2. 

The measurements were conducted at the same location 

used for vegetated cases; namely, 1.50 m downstream 

from the beginning of the vegetation section. 

The logarithmic distribution of the streamwise 

velocity u, over a certain distance from the channel 

bottom z, commonly known as the general log law for 

turbulent boundary-layer flows, has been widely used to 

describe velocity profiles over smooth, transitional, and 

rough boundaries (Chow, 1959; Schlichting & Gersten, 

2000; Nezu & Nakagawa, 1993). 

 

𝑢ሺ𝑧ሻ  ൌ  ሺ𝑢∗/𝜅ሻ 𝑙𝑛ሺ𝑧/𝑧₀ሻ     (1) 

 

where u* is the bed friction velocity, κ = 0.41 is the 

von Kármán constant, and z₀ is the roughness length. For 

the hydraulically smooth conditions of the present flume 

(smooth glass walls, n = 0.012 s/m1/3), z₀ is given by z₀ = 

0.11ν/u*, where ν is the kinematic viscosity of water. 

As shown in Figure 2, the measured velocity profiles 

agree closely with the theoretical logarithmic 

distribution, yielding coefficients of determination (R2) 

of 0.997, 0.997, 0.988, and 0.991 for discharges of 

Q=10,12,14, and 16 L/s, respectively. These results 

confirm the reliability and accuracy of the experimental 

data and the instruments employed in the present study. 

 

Effect of Different Vegetation Densities and Root 

Depths on Vertical Profile of Streamwise Velocity 
The presence of floating vegetation at the water 

surface forms a dense mat-like layer that alters the 

boundary conditions of open channel flow, effectively 

creating conditions similar to those of a nearly solid lid. 

Under such circumstances, the streamwise velocity 

close to the water surface equals zero, and the vertical 

velocity distribution deviates substantially from the 

classical logarithmic profile typical of free-surface 

flows (Figure 2). Instead, it tends to resemble the 

velocity structures observed in closed-conduit flows,, 

such as pipes, or in rivers under ice cover (Lau, 1982; 

Robert & Tran, 2012; Urantinon & Pilailar, 2015; Ai et 

al., 2020; Li et al., 2020). In these systems, the 

suppression of velocity at the top boundary shifts the 

location of maximum velocity downward into the water 
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column, producing an asymmetric profile compared 

with closed-conduit flows. 

 

 

 
Figure 2. Vertical profiles of streamwise velocity for the free-flow cases at different inflow discharges: (a) 10 L/s, (b) 

12 L/s, (c) 14 L/s, and (d) 16 L/s. h is water depth (m), and U is depth-averaged velocity (m/s) 

 

For floating vegetation dominated by water hyacinth 

(Eichhornia crassipes) (Figure 1c), however, the 

hydraulic behavior is more complex. Unlike rigid lids or 

impermeable ice sheets, water hyacinths possess flexible 

stems and buoyant petioles that float on the surface 

while supporting trailing root systems beneath. The 

spacing between individual plants introduces partial 

porosity at the surface, allowing some flow to pass 

through the gaps, while the root systems penetrate into 

the water column to varying depths depending on plant 

maturity and environmental conditions. Consequently, 

the surface velocity between plants does not vanish 

entirely, but decreases substantially relative to the non-

vegetated case, as confirmed in Figure 3. This 

intermediate condition, situated between an open free 

surface and a fully solid boundary, reflects the dual 

resistance exerted by the floating mat and the submerged 

roots (Urantinon & Pilailar, 2015; Nepf, 2012). 

Systematic experiments were performed to isolate 

the effects of vegetation density and root depth. Figures 

3a and 3b illustrate the influence of vegetation density 

at a constant root depth (kr = 3 cm) under inflow 

discharges of 10 L/s and 16 L/s, respectively. Increasing 

the vegetation density reduces the spacing between 

plants, thereby decreasing the effective porosity of the 

floating mat. This leads to stronger blockage effects on 

the water surface, significantly reducing near-surface 

velocities. On the other hand, Figures 3c and 3d show 

the effect of increasing root depth while maintaining a 

constant vegetation density (λ = 90 plants/m²). 

Increasing the root depth introduces additional drag 

below the surface and enhances vertical momentum 

exchange, which also lowers the near-surface velocity, 

but to a larger degree.  

A comparison between Figures 3a-b (density 

variation) and Figures 3c-d (root-depth variation) 

indicates that under the tested conditions, root depth 

exhibited a stronger influence on maximum velocity 

magnitude and location compared to vegetation density. 

This finding complements earlier studies, which showed 

that horizontal coverage primarily governs the overall 

flow resistance, whereas vertical penetration mainly 

modifies the turbulence structure and local shear layers 

(Tanino & Nepf, 2008; Huai et al., 2012; Vargas‐Luna 

et al., 2015). 

Overall, these results highlight the combined role of 

surface coverage and root penetration in shaping 

velocity distributions beneath floating vegetation mats. 

Vegetation density primarily governs the degree of 

surface blockage, thereby controlling how much flow 
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can pass through the mat. In contrast, root depth 

influences how velocity gradients and shear are 

redistributed within the water column. Recognizing this 

distinction is essential for improving predictive models 

of vegetated flows and for assessing the hydraulic 

consequences of large-scale water hyacinth infestations 

in natural and engineered channels. 

 

 
Figure 3. Vertical profiles of streamwise velocity under different inflow discharges: (a-b) effect of 

vegetation density at constant root depth (kr = 3 cm) for 10 and 16 L/s, respectively; (c-d) effect of 

root depth at constant vegetation density (λ = 90 plants/m²) for 10 and 16 L/s, respectively. 

Note: The horizontal axis ranges in panels (c) and (d) is wider than in panels (a) and (b) to accommodate 

the larger velocity magnification produced by deeper root penetration 

 

Variation of Maximum Velocity with Vegetation 

Density and Root Depth 
Figures 4 and 5 illustrate how the value and vertical 

position of the maximum streamwise velocity vary with 

vegetation density and root depth, respectively. In both 

cases, the introduction of floating vegetation induces a 

distinct downward shift of the maximum velocity from 

the free surface (Figure 2) toward the bed. The extent of 

this shift depends on both the density and vertical 

penetration of vegetation elements. 

As shown in Figure 4(a), increasing vegetation 

density results in a gradual rise in the maximum velocity 

magnitude umax. This trend can be attributed to the 

enhanced drag and blockage imposed by the densely 

packed water hyacinth mat on the surface. The floating 

canopy behaves like a rough, partially solid boundary 

that restricts flow passage near the surface and forces 

momentum to be concentrated within the lower water 

layers (Lau, 1982; Huai et al., 2012; Ai et al., 2020). The 

formation of a strong shear layer beneath the mat 

accelerates the mid-depth flow to compensate for the 

reduced conveyance at the surface. Correspondingly, 

Figure 4(b) shows that the location of the maximum 

velocity zmax moves downward with increasing density, 

reflecting the thickening of the surface shear layer and 

the increased resistance to near-surface motion (Tanino 

& Nepf, 2008; Nepf, 2012). In these tests, the root depth 

was constant at kr =1 cm, ensuring that changes in 

velocity distribution primarily stem from surface-layer 

effects. 

In comparison, vegetation root depth exerts a 

stronger influence on the velocity structure, as 

demonstrated in Figure 5. Increasing the penetration 

depth of roots introduces additional drag throughout the 

lower portion of the flow and modifies the vertical 

turbulence exchange. Figure 5(a) shows that deeper 

roots produce a more pronounced increase in maximum 

velocity magnitude. This is because the extended roots 

constrict the effective flow area, redirecting momentum 

into the unobstructed regions of the lower flow where 
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velocity must increase to conserve discharge. 

Meanwhile, Figure 5(b) reveals a more substantial 

downward displacement of the maximum velocity with 

increasing root depth. This effect occurs, because root 

drag and turbulence damping expand the resistance zone 

vertically, forming an additional shear interface between 

the root tips and the lower clear-flow region (Stone & 

Shen, 2002; Liu et al., 2010). The roots also absorb part 

of the turbulent kinetic energy, reducing vertical mixing 

and allowing momentum to be redistributed in a more 

stratified manner (Vargas-Luna et al., 2015). For this set 

of experiments, vegetation density was kept constant at 

λ=60 plants/m2. 

To quantitatively support this observation, the 

percentage changes in maximum velocity magnitude 

and location were evaluated for both vegetation 

parameters. Increasing vegetation density from 30 to 

120 plants/m² (at constant root depth kr = 1 cm) 

produced an average increase in umax/U of 

approximately 5%-16% across all discharge conditions, 

with a corresponding downward shift in zmax/h of only 

0.1-0.2h. In contrast, increasing root depth from 1 cm to 

5 cm (at constant vegetation density λ = 60 plants/m²) 

produced a more substantial increase in umax/U of 

approximately 13%-40%, accompanied by a markedly 

larger downward shift in zmax/h of 0.2-0.4h. These results 

confirm that, under the tested conditions, root depth 

exerts a stronger influence on both the magnitude and 

location of the maximum velocity compared to 

vegetation density. 

The relatively modest downward shift of maximum 

velocity location with increasing vegetation density 

(Figure 4b), compared with the more pronounced shift 

observed with root depth (Figure 5b), may partly reflect 

the limited density range examined (30 - 120 plants/m²). 

At higher densities, the floating mat approaches a quasi-

solid impermeable boundary, which could potentially 

produce a more substantial displacement of the 

maximum velocity location, similar to the effect of 

increasing root depth. This hypothesis represents a 

promising direction for future investigation, particularly 

for natural water hyacinth infestations where densities 

may exceed those tested in the present study. 

Taken together, Figures 4 and 5 highlight the layered 

nature of flow resistance under floating vegetation. The 

floating canopy generates a surface drag layer that 

induces shear and limits near-surface flow, while the 

submerged roots impose an additional resistance zone 

that dampens turbulence and shifts the maximum 

velocity downward. Although both parameters 

contribute to this behavior, root depth exerts the 

dominant control, because it directly modifies 

turbulence exchange and momentum distribution across 

the full flow depth. These results align with earlier 

studies showing that surface coverage primarily 

influences bulk flow resistance, whereas subsurface 

structures govern local velocity gradients and turbulence 

structure (Nepf, 2012; Okamoto & Nezu, 2013; Ai et al., 

2020). Therefore, it is important to consider not only 

surface canopy cover, but also subsurface plant 

structures when assessing hydraulic resistance in 

floating vegetation conditions. 

 

 

 
 

Figure 4. Effect of vegetation density on maximum velocity at a constant root depth (kr=1 cm): 

(a) value of maximum velocity umax, 

(b) location of maximum velocity zmax. Av is the vegetation coverage area 
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Figure 5. Effect of vegetation root depth on maximum velocity at a constant vegetation density (λ=60 plants/m2): 

(a) value of maximum velocity, (b) location of maximum velocity. Lv =3.0 m is the vegetation coverage length 

 

Flow Resistance Analysis 
The flow resistance parameters were estimated based 

on the measured flow and water surface data for each 

experimental case. The bed shear stress (  ) was 

calculated using Eq. (2): 

 

 (2) 

 

where 𝜌 is the fluid density, g is the gravitational 

acceleration, and Sf is the energy slope. The energy slope 

was evaluated from the measured energy loss (ΔH) 

across the vegetated section divided by its length (Lv), 

as: 

 
.                                                                  (3) 

 

The Manning’s roughness coefficient (n) was 

subsequently derived using the following relationships: 

 

                                                          (4) 

 

where Rh is the hydraulic radius and U is the depth-

averaged velocity. 

The Manning's roughness coefficient n for the non-

vegetated channel was determined experimentally for 

each baseline free-flow case (Table 1) using Eq. (4). The 

energy slope Sf was evaluated from water surface 

elevations measured by point gauges at two cross-

sections separated by a known distance L, using Eq. (3). 

The resulting Manning's n values for the four baseline 

discharges ranged from 0.011 to 0.013 s/m1/3, with a 

mean value of n = 0.012 s/m1/3. This value is consistent 

with those reported in the literature for smooth glass-

walled laboratory flumes (Chow, 1959; Nezu & 

Nakagawa, 1993), confirming the hydraulic smoothness 

of the channel bed and walls under non-vegetated 

conditions. 

Figure 6 presents the variations of shear stress, and 

Manning’s 𝑛 values for different vegetation densities (λ) 

and root depths (𝑘௥) under all discharge conditions 

considered in this study. Compared to the non-vegetated 

baseline values (n = 0.011-0.013 s/m¹/³, τb = 0.35-0.55 

N/m²), the introduction of floating vegetation increases 

both parameters substantially across all tested 

conditions. The figure shows that increasing vegetation 

density or root depth results in a noticeable rise in the 

shear stress due to increasing the energy slope. This 

trend demonstrates that denser and deeper vegetation 

conditions impose greater hydraulic resistance on the 

flow. The elevated energy slope signifies higher head 

loss per unit channel length, while the corresponding 

increase in shear stress confirms that more momentum 

is dissipated through drag and turbulence within the 

vegetated section. 

The increase in Manning’s n with vegetation density 

and root depth further supports this observation. As 

vegetation becomes denser or root systems penetrate 

deeper, the flow passages between plants narrow, and 

the effective drag area increases. This enhances both 

form drag and frictional drag (due to increased 

turbulence and shear at the interfaces). The combined 

effect is a larger overall flow resistance, reflected in 

higher Manning’s n values. 

Physically, this means that floating vegetation 

reduces the hydraulic efficiency of the channel. A higher 

Manning’s n corresponds to a lower flow conveyance 
capacity ሺ𝑄 ൌ 1/𝑛 ൈ 𝐴 ൈ  𝑆௙

ଵ/ଶሻ, meaning that the 

channel can carry less discharge for a given slope. As a 

result, backwater effects develop upstream of dense 

vegetation zones (Mohamed et al., 2020), potentially 
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leading to localized flooding or waterlogging in 

irrigation networks. These effects become more 

pronounced as both vegetation density and root depth 

increase, consistent with the findings of previous studies 

(Petryk & Bosmajian, 1975; Green, 2005; Li et al., 

2020). 

Therefore, the observed rise in b  and n with 

vegetation parameters quantitatively confirms that 

floating vegetation significantly enhances flow 

resistance and energy dissipation in open channels. This 

highlights the importance of including vegetation-

induced resistance in hydraulic design and maintenance 

strategies, particularly in regions affected by floating 

macrophytes, such as Eichhornia crassipes. 

 

 
Figure 6. Variation of (a) bed shear stress (𝜏௕) and 

(b) Manning’s roughness coefficient (𝑛) with vegetation 

density and root depth for all discharge conditions 

considered in this study 

 

Inferred Turbulence Characteristics from Velocity 

Gradients 

Theoretical Background 
Although direct turbulence measurements were not 

obtained in this study, the vertical profiles of streamwise 

velocity can be used to qualitatively infer the qualitative 

turbulence structure and momentum exchange 

mechanisms occurring within the floating vegetation 

region. The interaction between the floating mat of 

Eichhornia crassipes and the underlying flow creates a 

multi-layered shear system: a surface shear layer 

generated by the drag and partial blockage of the 

floating leaves and stems, and a root shear layer formed 

by the submerged fibrous roots that extend into the water 

column (Figure 7). Both layers strongly influence the 

vertical distribution of velocity gradients, turbulent 

kinetic energy (TKE), and Reynolds shear stress, 

ultimately modifying the energy dissipation and 

resistance characteristics of the channel (Nepf, 2012; 

Okamoto & Nezu, 2013; Li et al., 2020; Wang et al., 

2022; Chen et al., 2026). 

In open-channel flows, turbulence generation is 

primarily governed by the local velocity gradient, which 

controls the rate of shear deformation within the water 

column. The mean strain rate, du/dz, provides a direct 

indication of regions where turbulence is produced and 

energy is exchanged between mean flow and turbulent 

fluctuations. 

According to the Boussinesq eddy-viscosity 

hypothesis, the turbulent Reynolds shear stress, 𝜏௧, can 

be estimated as a function of the mean velocity gradient 

(Pope, 2000): 

 

                                                                  (5) 

 

where   denotes the covariance of velocity 

fluctuations in the streamwise and vertical directions, 

and   is the eddy viscosity, representing the mixing 

efficiency of turbulent eddies. 

The production of turbulent kinetic energy (TKE) 

per unit volume, 𝑃, quantifies the rate at which mean 

flow energy is converted into turbulence. It is given by 

the product of the Reynolds shear stress and the mean 

strain rate, representing the work done by turbulent 

stresses against the mean flow (Nezu & Nakagawa, 

1993; Pope, 2000): 

 

                         .                                                         (6) 

 

Substituting Eq. (5) into Eq. (6) yields the eddy-

viscosity representation of the TKE production rate: 

 

                     .                                                           (7) 

 

As indicated by Eq. (7), the TKE production rate is 

directly proportional to the square of the mean velocity 

gradient. Hence, even in the absence of direct turbulence 

measurements, the normalized term ሺ𝑑𝑢/𝑑𝑧ሻଶ can be 

used as a proxy for relative inferred turbulence 

production proxy 𝑃∗. This approach is commonly 

employed in studies of vegetated and complex 
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environmental flows (Nezu & Nakagawa, 1993; Huai et 

al., 2012), providing qualitative insight into regions of 

enhanced mixing and momentum exchange. 

Although ሺ𝑑𝑢/𝑑𝑧ሻଶ represents inferred turbulence 

production proxy only when variations in eddy viscosity 

𝜈௧ are not dominant, 𝜈௧ in vegetated flows can vary due 

to shear intensity, vegetation drag, and mixing length 

scale, with spatial gradients inside and above the 

vegetation layer (Han et al., 2018). However, because 

the present study uses identical discharge range, flow 

depth, and channel geometry across all vegetation cases, 

the main variation in inferred turbulence production 

proxy is expected to arise from the vertical shear 

structure 𝑑𝑢/𝑑𝑧, which is influenced by vegetation 

density and root depth. Therefore, ሺ𝑑𝑢/𝑑𝑧ሻଶ is used 

here only as a qualitative indicator for comparing 

relative inferred turbulence production proxy among 

cases, and the conclusions are interpreted comparatively 

rather than quantitatively. 

Following the approach of Han et al. (2018), the 

vertical flow domain in the present study, extending 

from the channel bed (z = 0) to the water surface (z = h), 

can be conceptually divided into two subregions based 

on the location of the maximum velocity (𝑍௠௔௫). As 

illustrated in Figure 7, these two subregions are: the bed 

zone, extending from the bed up to 𝑍௠௔௫, and the 

vegetation zone, extending from 𝑍௠௔௫ to the water 

surface where the floating mat of Eichhornia crassipes 

is located. 

The bed zone is primarily controlled by bottom 

roughness and bed shear stress, where turbulence is 

generated due to friction at the channel bed. In contrast, 

the vegetation zone is dominated by the resistance and 

drag imposed by the floating mat and submerged roots. 

The interface between these two regions occurs at the 

location of the maximum velocity, 𝑍௠௔௫, marking the 

transition between bed generated and vegetation 

induced turbulence. 

Because the velocity near the bed could not be 

directly measured due to instrument limitations (the 

minimum measurable distance from the bed zmin= 0.2h = 

1 - 2 cm), the present analysis focuses primarily on the 

vegetation zone, where turbulence generation is mainly 

controlled by vegetation induced shear rather than by 

bed friction. This focus helps isolate the effects of 

vegetation density and root depth on turbulence intensity 

and energy distribution without the confounding 

influence of near-bed turbulence. 

 

 
Figure 7. Schematic sketch showing the bed zone and vegetation zone, 

with surface and root shear layers formed beneath the water hyacinth 

 

Comparison between Free-Flow and Floating 

Vegetation Cases 
To further clarify the influence of floating vegetation 

on turbulence-related quantities, the velocity gradient 

𝑑𝑢/𝑑𝑧 and the inferred turbulence production proxy 

𝑃∗ ∝ ሺ𝑑𝑢/𝑑𝑧ሻଶ for the floating-vegetation case (λ=90 

plants/m2, kr =3 cm) were compared with their free-flow 

counterparts under the same discharge of 14 L/s (Figure 

8). The comparison focuses exclusively on the 

vegetation zone (z / h ൐ 𝑍௠௔௫/ℎ), where vegetation-

induced drag dominates momentum exchange. 

Despite having nearly identical depth-averaged 

velocities for both cases, the velocity profiles differ 

substantially in the upper portion of the flow. In the free-

flow case, the velocity gradient 𝑑𝑢/𝑑𝑧 gradually 

decreases toward the free surface, resulting in relatively 

low values of 𝑑𝑢/𝑑𝑧 and thus weak inferred turbulence 

production proxy. In contrast, the floating-vegetation 

case exhibits a strong increase in ∣ 𝑑𝑢/𝑑𝑧 ∣ within the 

surface region, particularly between 𝑧/ℎ ൎ 0.70 and the 

vegetation canopy, where the measured velocity 

decreases sharply due to the drag imposed by the 



Experimental Investigation of …                                                                                                                                  Adel A. Mahmoud 
 

- 544 - 

floating leaves and stems. This enhanced shear directly 

translates into higher inferred turbulence production 

proxy, as shown in Figure 8(b), reflecting more intense 

momentum extraction from the mean flow. 

These patterns support the physical picture described 

earlier: the floating vegetation introduces a surface shear 

layer that is absent in free flow. Even though the roots 

in this case extend only 3 cm below the surface, they are 

sufficient to create a localized high-shear region that 

elevates inferred turbulence production proxy near the 

canopy. As a result, turbulence is shifted upward in the 

water column, rather than being concentrated near the 

bed as in the free-flow condition. This redistribution of 

turbulence helps explain the increased flow resistance 

and reduced conveyance observed under floating-

vegetation conditions. 

From Figure 8, it is evident that floating vegetation 

fundamentally alters the qualitative turbulence structure 

by enhancing shear and inferred turbulence production 

proxy in the upper flow region, whereas the free-flow 

case remains dominated by near-bed turbulence and 

retains a much smoother surface velocity profile. 

 

 
Figure 8. Comparison of (a) velocity gradient ∣ 𝑑𝑢/𝑑𝑧 ∣  and (b) inferred 

turbulence production 𝑃∗ ∝ ሺ𝑑𝑢/𝑑𝑧ሻଶ within the vegetation zone between free-flow and 

floating-vegetation cases (λ=90 plants/m2, kr =3 cm) under discharge =14 L/s 

 

Effect of Vegetation Density and Root Depth on 

Turbulence 

Figures 9 and 10 illustrate the influence of vegetation 

density and root depth on the velocity gradient 𝑑𝑢/𝑑𝑧 

and the inferred turbulence-production proxy 

𝑃∗ ∝ ሺ𝑑𝑢/𝑑𝑧ሻଶ within the vegetation zone under a 

discharge of 16 L/s. To minimize experimental noise, 

the velocity profiles were first smoothed, allowing the 

underlying hydrodynamic trends to be identified with 

confidence. 

Figure 9 presents the influence of vegetation density 

on the velocity gradient and inferred turbulence 

production proxy under constant root depth of 3 cm. After 

smoothing the velocity profiles, a clear and consistent 

pattern emerges where both 𝑑𝑢/𝑑𝑧 and the inferred 

production term 𝑃∗ ∝ ሺ𝑑𝑢/𝑑𝑧ሻଶ increase systematically 

with density. Higher vegetation densities produce 

stronger surface-shear layers, as the floating leaves and 

stems impose greater drag and induce a sharper velocity 

deficit immediately beneath the mat. As density increases 

from 30 to 120 plants/m², the magnitude of 𝑃∗ becomes 

progressively larger and more concentrated near the 

canopy, reflecting intensified momentum extraction and 

enhanced turbulence generation by the vegetation. These 

trends are consistent with the expected physical behavior, 

where increased frontal area, blockage, and stiffness of 

denser floating mats enhance vertical shear. The upward 

shift in inferred turbulence production proxy with 

increasing density therefore arises from stronger 

vegetation-induced resistance rather than measurement 

variability, confirming the dominant role of canopy 

density in controlling near-surface turbulence. 

Figure 10 illustrates the influence of root depth on 

the velocity gradient and turbulence-production proxy 

for a constant density of 120 plants/m². The results show 

that deeper roots substantially intensify shear within the 

vegetation zone and alter its vertical structure. As root 

depth increases, the vegetation zone itself extends 

farther downward, enlarging the portion of the water 

column directly affected by vegetation drag. This 

expansion leads to a larger and more sustained velocity 

deficit beneath the floating mat, producing stronger 

vertical shear across a deeper region. Consequently, 

both the velocity gradient and the turbulence-production 

proxy 𝑃∗increase not only in magnitude, but also in 

vertical extent. For the deepest root condition (5 cm), 
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elevated 𝑃∗ values persist well below the canopy, 

reflecting the longer drag-producing layer introduced by 

the extended root system. This enhanced turbulence 

generation arises, because deeper roots increase frontal 

area exposure, intensify momentum extraction, and 

interact with a greater portion of the mean flow. As a 

result, root penetration depth emerges as a key control 

on the magnitude and distribution of turbulence beneath 

floating vegetation, with deeper roots producing 

stronger and more vertically distributed shear. 

The present findings have direct practical implications 

for the design and management of vegetated waterways. 

The observed increase in Manning's n from 0.012 (non-

vegetated) to values exceeding 0.15 under dense, deep-

rooted conditions indicates a reduction in channel 

conveyance capacity, which has critical implications for 

irrigation canal design and flood risk assessment. Water 

resource managers should consider vegetation density 

and root depth thresholds when planning removal or 

control interventions for water hyacinth infestations. 

Furthermore, the measured velocity profiles and 

resistance parameters provide useful benchmark data for 

calibrating and validating numerical models of floating 

vegetation hydraulics. 

 

 
Figure 9. Effect of vegetation density on (a) velocity gradient 𝑑𝑢/𝑑𝑧 and (b) inferred turbulence production 

𝑃∗ ∝ ሺ𝑑𝑢/𝑑𝑧ሻଶ within the vegetation zone under Q=16 L/s for kr=3cm 

 

 
Figure 10. Effect of root depth on (a) velocity gradient du/dz  and (b) inferred turbulence production 

𝑃∗ ∝ ሺ𝑑𝑢/𝑑𝑧ሻଶ within the vegetation zone under Q=16L/s for λ=120 plants/m2 

 

CONCLUSION 
 

This study experimentally examined how floating 

water hyacinth influences open-channel flow structure, 

inferred turbulence characteristics, and hydraulic 

resistance. The results show that floating vegetation 

produces a distinctly layered velocity profile, with a 

downward shift of the maximum velocity caused by the 

combined drag of the surface canopy and submerged 

roots. Vegetation density primarily increases surface 

blockage, while root depth plays a stronger role by 

deepening the resistance zone, intensifying vertical 

shear, and enhancing the inferred turbulence production 

proxy near the upper flow region. 

Both vegetation parameters lead to higher shear 

stress, energy slope, and Manning’s n, confirming that 

floating vegetation significantly increases flow 

resistance and reduces channel conveyance capacity. 

These effects become more pronounced as vegetation 

mats thicken or roots extend farther into the water 
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column. Overall, the findings highlight the importance 

of considering both canopy coverage and root 

penetration when predicting flow behavior in vegetated 

waterways and provide useful insights for hydraulic 

modeling, waterway management, and mitigation of 

floating vegetation impacts. 

While the present study offers valuable qualitative 

understanding of turbulence redistribution through 

velocity-gradient analysis, definitive quantification of 

turbulence intensities and Reynolds stresses requires 

future investigation with direct turbulence measurement 

instrumentation. Finally, it should be noted that all 

experiments were conducted using an aligned vegetation 

arrangement, which was deliberately chosen to provide 

a controlled configuration for isolating the effects of 

density and root depth. In natural waterways, water 

hyacinth typically forms irregular, non-aligned patches 

that may produce different magnitudes of flow 

resistance and inferred turbulence production proxy 

production due to altered wake interaction patterns. 

Future studies should therefore investigate staggered 

and random vegetation arrangements to broaden the 

generalizability of the present findings to natural 

vegetated waterways. 
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