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This study compares parameters that characterize vegetation flexibility effects on flow resistance and drag.  The 
drag forces occurring on flexible bluff bodies are different from the drag occurring on rigid bluff bodies due to 
deformation and reorganization.  Drag force data for simple cylindrical obstructions of the same shape and size 
but with different flexibility are used to fit drag parameters and to relate their value to flexibility through the 
Cauchy Number.  The drag coefficient is then evaluated as a function of a new calibration velocity parameter 
which is related to the elastic modulus of the obstruction.  While the use of a Vogel exponent and reference 
velocity provides a similar response, the reference velocity appears to have a critical impact on the parameter 
and the drag force calculated.  The proposed formulation more consistently estimates drag reduction for the 
range of flexibilities in this study.  Our equations also preserves the traditional exponent of the drag relationship, 
but places a factor onto the drag coefficient for flexible elements, rather than a Vogel exponent arrangement 
applied to the flow velocity.   
 

1 INTRODUCTION 

An understanding of how vegetation interacts with fluids is important for river restoration, flood management, 
hydrology, and green stormwater infrastructure.  Vegetation is becoming more frequently used in place of hard 
armoring [1] and has many benefits to the environment [2] in addition to having better adaptation to future 
climates[3].  

Many studies have characterized the drag caused by vegetation in flow [4, 5] including investigations into 
the influence of flexibility [6], but there is still a need for drag parameters that can be derived from the physical 
attributes of vegetation.  We have proposed a drag relationship that is related to the Cauchy Number, which is a 
function of the Elastic Modulus of the vegetation.  
 

2 THEORY 

2.1 Drag parameters 

The drag forces (Fd) from rigid elements are often represented by Eq.(1) [7], 
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where Fd is the drag force, CD is a drag coefficient, ρ is the fluid density, a is the obstruction width, u is the 
temporal mean flow velocity at height z acting normal to the cylinder, and z is the vertical position above the 
bed. The CD value varies with Reynolds’ Number, which was calculated in these studies using the obstruction 
width as the characteristic length (l), the fluid kinematic viscosity (ν), and the bulk flow velocity (Um) in the 
flume such that Re = Um l/ν. For vegetation, Vogel [8] proposed that the drag, Fdb , was proportional to velocity 



squared with an additional exponential variable term, b, specific to the plant, is the calibrated parameter to 
account for element flexibility effects on drag, as seen in Eq. (2). 
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In this study we define the vegetal drag force (Fd) per unit area to be represented as Ff as: 
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and CDf is the drag coefficient for a flexible element. Two factors have been introduced to represent drag forces 
of flexible elements, a geometry factor β = A/Ao, and a drag coefficient factor αb = (Um/ub)b, with ub as a 
reference velocity.  This is a similar form to reference velocities used in other studies [5, 9] which are useful for 
scaling and maintaining dimensionality.  The geometry factor β is used to account for impact of changes in 
projected area for a bent element, where A is the projected area in the direction of flow and Ao is the projected 
area for Um = 0.  For plant canopy, Ao is defined as the number of plants multiplied by the effective projected 
area per plant for no flow conditions. The drag coefficient factor αb is introduced to account for how drag is 
affected by forces acting on flexible, deformed, or reorganized vegetation for the same projected area.  For rigid 
bluff bodies, αb = 1 and β = 1.  

Equations 3 and 4 have the Vogel exponent acting as an adjustment factor on the drag coefficient term, and 
not acting on the velocity term.  This arrangement keeps flexibility adjustment in the drag coefficient as a non-
dimensional term.   

The Cauchy Number (CY) as defined in Eq. (5) has been found useful in evaluating vegetation drag. 
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where E is the modulus or elasticity or Young’s Modulus of the material.  Niklas [10] suggests that transverse 
loadings on slender beams is proportional to S3, where S is a slenderness number equal to the ratio of the 
maximum to minimum cross section lengths of the obstruction.    
 

3 EXPERIMENT AND DISCUSSION 

 
A 7.25 meter long flume with a width of 0.38 meters and depth of 0.38 meters was used to measure drag on 
multiple artificial cylindrical vegetation obstructions.  The drag was measured using a submersible torque sensor 
below the flume floor.  Obstructions had effective elastic moduli (E) of 7e10, 1.23e8, and 3.19e5 Pa.  The 
obstruction with effective E of 1.23e8 had a shell structure, while the other two obstructions were solid, so the 
reported effective E values are calculated as if all three obstructions were solid, as often done with vegetation 
[10].  Chapman et al. [11] provides additional details on the experimental set up.  
 From the collected experimental data we calculated the flexibility adjustment factor, αb, and by using 
the lowest flow velocity in the experiments as the reference velocity [5, 9] we could solve for b.  We have 
proposed to define an alternative flexibility adjustment that does not have both an exponent and reference 
velocity component, but only a reference velocity as follows 
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Where ϕ  is a new calibration parameter in place of b and ub.  This allows for fewer calibration terms by fixing b 
= 1 and allowing the velocity term of ϕ to not be a constant but vary with vegetation flexibility. The new 



flexibility velocity variable thus produces a similar response to a Vogel exponent.   This form also allows for 
comparison to other data in the literature [12] as seen in Figure 1. 

 
Figure 1. Drag reduction factor vs. Cauchy Number where the circles represent experimental data from this study 
compared with other reported values [12, 13, 14]. 
 
  While this new formulation potentially relates the drag reduction from reconfiguration of the flexible 
element to a Cauchy number which can be a function of the material property, the elastic modulus of plants is 
not widely collected or available [10].  Estimations of the elastic modulus can be challenging due to variations 
caused by turgor pressure and the internal structure of plants, but this does provide insight into the mechanics 
behind the drag reduction from reconfiguration. 

4 CONCLUSION 

The formulation presented here preserves the traditional exponent on velocity and units of the drag equations and 
keeps the drag coefficient dimensionless.  This formulation relies on the modulus of elasticity and physical 
properties of the vegetation to determine the drag adjustment factors for flexibility.  Unfortunately, the 
mechanical properties of vegetation are not readily known for many species for this to be of practical use.  This 
methodology of isolation of a single aspect of vegetation could be further used to determine adjustment factors 
for morphology. 
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