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ABSTRACT

Roughness coefficients of the river are very important to accurately predict 

the flood level of the river. As river restoration projects are activated in Korea, 

if training an existing river to a close-to-nature river, it is very necessary to 

accurately predict vegetative roughness when determining roughness for the 

entire river channel.

In this study,  the quantitative variation of roughness coefficients depending 

on the characteristic factors by each vegetation is examined  by performing 

hydraulic experiments for grass and woody vegetation. Based on this, the 

applicability of  relationship typically presented for vegetative 

roughness in previous studies was reviewed and the effect of each new applied 

dimensionless parameter was analyzed based on the experimental data 

measured to replace  and new evaluation equation for vegetative roughness 

coefficient  is presented.

The results for vegetative roughness element  based on  relation 

equation were reviewed by performing experiments based on various hydraulic 

conditions for grass vegetation such as Zoysia matrella, Pennisetum 

alopecuroides (L.) Spreng., Phragmites communis Trin., Phragmites japonica 

Steud., Miscanthus sacchariflorus (Maxim.) Benth. typically found in domestic 

rivers. According to the results of the review, the effect of relative depth and  

in vegetation rigidity depending could not be considered properly with a single 

 relation equation. Therefore, in order to propose a new relation 
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equation that can take the place of existing  relationship in this study. 

Several dimensionless parameters are selected through the dimensional analysis. 

Those are  that can take into account the rigidity of vegetation 

simultaneously and  considering height of vegetation  as main 

characteristic factors, and stem Reynolds number   which can consider the 

effect of diameter  of vegetation for flow conditions.

In this study, evaluation equations of vegetative roughness as a single 

relation equation are proposed in consideration of all of changes in the rigidity 

of vegetation due to seasonal distinction, relative inundation depth of 

vegetation, and influence of flow conditions by vegetation and coefficient of 

determination.  of the presented relation equations are more than 0.76 and 

convenience, accuracy and applicability for evaluating vegetative roughness are 

improved compared to existing  relation equation. Therefore, when 

comprehensively reviewing the equation presented for each vegetation in this 

study,  relationship that has been traditionally used is considered to be 

replaced based on the results of this study.

Stems with the canopy form were extracted from Salix gracilistyla Miq., 

Salix subfragilis Andersson, Salix koreensis Andersson found a lot in the 

Central Region of Korean peninsular in trees growing in river channels. The 

variation of biomass depending on inundation depth was identified by 

performing an experiment for various hydraulic conditions. The relationship 

between vegetative roughness element  and dimensionless parameters  , 

,  selected through the dimensional analysis was examined as in 

grasses. According to the results of the review, when considering  ,  
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for roughness coefficients,   is more than 0.97, indicating that the influence 

of both parameters is very large but the increase of explanatory power  

depending on the addition of a dimensionless parameter  is very 

small (0.00 or 0.01) so in the case of shrubs, the effect of  for vegetative 

roughness  was found to be insignificant in this study. Therefore, in the case 

of shrubs, the usability of the equations presented based on dimensionless 

parameters  ,  is considered to be very high compared to the existing 

roughness selection method using references widely used now. However, the 

applicability of the presented evaluation equation of woody vegetative 

roughness was examined and as a result, it was found that although the fully 

submerged condition is implemented, the magnitude of total roughness keeps 

increasing so when considering the experimental conditions, the application 

range of the evaluation equations presented for woody vegetative roughness is 

 , that is, it should be applied restrictively for the emergent condition 

and just submerged condition.

Keywords: flow resistance, vegetation roughness,  relationship, relative 

depth, rigidity, seasonal change, dimensionless parameters, multiple 

regression analysis

Student Number: 2005-31042
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1. Introduction

1.1 Research Background

Generally if designing rivers or planning river channels, it is very important 

to accurately estimate roughness of the target river channel to correctly predict 

the flood level of the river. If the river to be designed or planned is close to 

a natural river or trained as a close-to-nature type river, vegetative roughness 

is the most dominant factor among several factors consisting of roughness 

when determining roughness for the entire river channel. Domestic rivers can 

be largely divided into sand rivers and gravel rivers depending on the type of  

bed materials and the effect of vegetation can be seen to be greater than that 

of river bed materials except the upstream channel or reach where growth or 

introduction of vegetation is not smooth due to the characteristics of terrain.

In addition, vegetation is the most important factor in restoring and 

improving the river environment and adds the aesthetic value to the river and 

is also used as eco-friendly revetment for levee protection. Some aquatic plants 

play an important role in restoring and improving riparian and aquatic 

ecosystems, for example, Bigcatkin Willow not only prevents scour and 

erosion but provides the riparian habitat if used as a low-flow revetment. This 

is the most obvious part showing that vegetation can contribute to even the 

environmental aspect as well as the flood control aspect. Generally, the growth 

of vegetation has improved the ecological aspects of rivers a lot but causes 

undesirable effects such as reduction in channel discharge capacity of the 
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channel, increase in channel roughness etc. in the flood control aspect. In open 

channel hydraulics, vegetation increases flow resistance and therefore, the water 

level is generally increased compared to the river where vegetation does not 

grow. In vegetative river channel or flood plain, flow resistance is generally 

determined by physical properties, type, and density of vegetation in addition 

to water depth and flow velocity. 

Research on vegetative flow resistance in the open channel has been carried 

out through experiments and numerical analysis (Chow, 1959; Kouwen and Li, 

1980; Temple et al., 1987; Fathi-Maghadam and Kouwen, 1997; Darby, 1999; 

Temple, 1999; Järvelä, 2002; Kirby et al., 2005). In those researches, 

vegetation selected as the study subject was mostly limited to vegetation 

growing in the region where the research was conducted. Therefore, this 

limitation has caused a new problem and if trying to apply the findings of 

existing researchers to other regions, this kind of vegetation is not common or 

not found in the region in many cases. In particular, most of vegetation used 

in studies conducted in foreign countries is vegetation not found well in Korea. 

Several field studies have been carried out to identify the effects of 

vegetation on roughness coefficients and these studies include the result that 

roughness increases and influence by vegetation varies depending on the size 

of the channel when there is vegetation. Stephens et al. (1963) conducted a 

study on flat channels in the US and found out that floating plants can 

increase roughness of the channel more than two times compared to when 

there is no vegetation and revealed that roughness can be increased up to 20 

times by aquatic vegetation. Shih and Rahi (1982) revealed that Manning 

roughness coefficient  increases by about 300% in the growth period of 
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vegetation. Study of Pitlo (1982) on the canals of the Netherlands showed that 

an increase in roughness during the growth period is dependent on the size of 

the channel and Manning roughness coefficient  increases to almost two 

times in a small canal but roughness coefficients increase by about 14 % in a 

large canal. Nikora (2010) reviewed the influence by the interaction of grasses 

vegetation and flow on flow resistance in consideration of changes in physical 

characteristics depending on mixed-layer theory and vegetation shape. 

Shucksmith et al. (2011) studied the changes in flow resistance in the 

vegetation cannel by considering the growth of vegetation.

Through the study on the vegetation channel, Ramser (1929) revealed that 

vegetative roughness and flow are inversely proportional to each other. After 

this concept was presented, initial studies on vegetative roughness found out 

that Manning roughness coefficient  changes regularly for multiplication  

of mean velocity and hydraulic radius for given individual vegetation and an 

individual study began to present vegetative roughness as  relationship 

based on field measurement and experimental data (Watson, 1987), where  

was used as physical quantity in place of flow and the follow-up results of  

Palmer (1945), Ree (1949, 1958), USSCS (1954), Kao and Barfield (1978) on 

vegetative roughness began to be presented as  relationship. Further 

studies conducted afterwards showed that although types of vegetation are 

different, similar  relationship can be obtained if density and rigidity of 

vegetation, height and submerged condition of vegetation are similar (Kirby et 

al., 2005).

In order to the effect of vegetation on flow resistance, some studies used 

artificial vegetation instead of natural vegetation. Wu et al. (1999) implemented 
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shrubs in the flood plain wetlands by using a horsehair mattress coated with 

rubber to study changes in vegetative roughness coefficients depending on 

water levels for submerged and non-submerged conditions. The effect of 

bending or transformation of artificial vegetation was not considered because 

the rigidity of elements used in the experiment was large enough. Solid 

materials in the form of a circular cylinder were also used to study the flow 

resistance effect of vegetation in submerged and non-submerged conditions 

(Stone and Shen, 2002; Musleh and Cruise, 2006). However, considerable 

caution is generally required when applying the findings for the river design 

because the characteristics of artificial vegetation used in the study are 

significantly different from those of natural vegetation.

Also in Korea, studies on roughness coefficients have been actively 

conducted, but mainly studies on the optimal calculation of roughness 

coefficients have been carried out by minimizing the difference between the 

actually measured water level and calculated water level with the unsteady 

flow numerical model (Hwang and Jun, 1997; Lee and Lee, 2004; Kim  et al., 

2010). By calculating roughness coefficients for a wide range of flow 

quantities, these studies increased the usability of roughness coefficients in the 

target river. However, they have been mainly performed only in the 

downstream of Han River with a lot of measured data and applicability was 

limited in other rivers with no measured data. Therefore, in order to find the 

optimal calculation method of generalized roughness coefficients using 

measured water levels, Kim et al. (2007) analyzed changes in roughness 

coefficients depending on measured water levels and flow change for a 

tributary of Han River and examined the applicability of the evaluation 
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equation of empirical roughness coefficients presented by previous researches. 

The characteristics of roughness coefficients of gravel rivers were also 

analyzed based on the measured data (Kim et al., 2009; Lee et al., 2010).

The results of the studies on roughness coefficients of domestic rivers do not 

provide a generalized calculation method and there are few studies on 

vegetative roughness. Song and Park (2004) compared and analyzed the 

roughness characteristics in vegetation channel and non-vegetation channel 

through hydraulic experiments and then, found out that as vegetation density 

increases, roughness coefficients and friction coefficients of the vegetation 

channel increase significantly compared to those of the non-vegetation channel. 

Lee and Yoon (2007) observed changes in water levels and cross-sectional 

mean velocity by vegetation for single section and compound experimental 

channels. However, the overall trend of flow influence by vegetation can be 

identified but there are some limitations to apply the results to actual rivers 

because these studies have been mainly carried out for artificial vegetation due 

to the difficulties of experimental conditions. Lee et al. (2012) presented the 

relation equation of roughness coefficients for data on grasses and shrubs, trees 

by using the field measurement data on foreign vegetated rivers but there is 

also a limitation to apply the results to domestic rivers because the study was 

not carried out for domestic vegetation.

1.2 Research Needs

When designing rivers in Korea, vegetative roughness is often determined 

mostly by relying on the experience of river designers for existing river 

channels or empirically determining channel vegetation distribution and using 
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the data in foreign literature because there are a few systematic studies on 

domestic rivers and vegetation. In the case of Korea, there are not enough 

evaluated roughness data on representative vegetation growing in major stream 

channels and roughness is selected and used from the list in foreign literature 

based on the morphological similarity of shape and distribution of vegetation 

and in this case, the reliability of vegetative roughness predicted and applied 

by the river designer is degraded because the connectivity between domestic 

vegetation and vegetation mainly referred and considered in foreign countries 

is lacking. In addition, grasses appear mainly in medium to small rivers so in 

order to accurately predict the roughness of the stream channel, it is very 

important to find out the characteristics of roughness coefficients of these 

grasses. If the purpose of the roughness experiment on grasses is to group and 

classify vegetative groups with similar roughness coefficients based on the 

characteristics of individual grasses, in the case of shrubs unlike grasses, the 

overall shape of individual vegetation plays a greater role than the 

characteristics as the cluster of vegetative group in terms of roughness. In the 

case of grasses, biomass affecting the flow changes almost constantly for the 

depth but shrubs change significantly depending on the depth. In particular, 

biomass in stems and canopy varies significantly. As in the roughness 

experiment on grasses, it is not easy to perform an experiment by forming the 

tree group of high density in the experimental channel and hence, the general 

research trend is to evaluate the roughness of shrubs by measuring drag force 

for individual vegetation or small colony. Also in Korea, if a river to be 

designed or planned is the river close to a natural river or trained  as a 

close-to-nature river, small shrubs such as Bigcatkin Willow in addition to 
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grasses such as reed, “Dal”, and Amur Siver Grass are also a major 

component of river vegetation. However, if assessing roughness coefficients of 

the target stream channel, shrubs currently have no other way but to assess 

roughness coefficients through appearance comparison through photos or rely 

on the experience of river designers like grasses. In addition, studies on the 

roughness of shrubs have not been carried out actively yet in Korea.

1.3 Research Objectives and Scope

1.3.1 Grasses

The main objective of this study is to develop the empirical equation for 

vegetative roughness calculation in a new form that can replace the evaluation 

equation of roughness coefficients for individual vegetation based on  

relationship presented in the past recently revealing the limitation of the 

applicability on the basis of the dimensionless parameter. Furthermore, the 

applicability of the empirical equation will be presented for the actual river 

conditions. For this purpose, grasses typically found in domestic rivers are 

selected and vegetative roughness element  is reviewed based on  

relationship. The applicability of  relationship is reviewed for the effect 

of relative roughness that means the relative change of vegetation height and 

depth and the variation of vegetation rigidity depending on flow conditions and 

seasons by performing the roughness experiment for selected representative 

vegetation. In order to reveal the relationship between physical characteristics 

of vegetation and roughness coefficients, dimensionless parameters are selected 

to reflect the characteristics of flow and vegetation through dimensional 

analysis and present the evaluation equation of roughness coefficients in a new 
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form based on them. 

1.3.2 Trees (Shrubs)

The main objective of this study is to measure drag force depending on flow 

for trees appearing a lot or introduced in domestic riversides and evaluate 

roughness coefficients of target vegetation based on drag measurements, and 

reveal the relationship between flow conditions and roughness coefficients. 

Furthermore, the evaluation equation of domestic shrubs will be presented for  

roughness coefficients based on the results of this study. For this purpose, the 

variation characteristics of roughness coefficients depending on change in 

biomass is identified based on inundation depth around Salicaceae vegetation 

found a lot in the central region of Korea of shrubs living in domestic stream 

channels through experiments. After performing experiments on various 

hydraulic conditions, the relationship is examined between vegetative roughness 

and dimensionless parameter depending on changes in flow conditions and 

vegetation like grasses. Since there are not enough basic data on shrubs 

roughness coefficients in Korea, a basic method is proposed for calculating the 

roughness coefficients of domestic shrubs based on the results of this study.



- 9 -

2. Theoretical Background

2.1 Flow Resistance 

2.1.1 Hydraulic Flow Resistance

Hydraulic flow resistance in the river system is a feature that should be 

considered for all matters of blocking, diverting and bypassing the flow on the 

natural stream through the system. The potential impact caused by these 

modifications is very large and hydraulic flow resistance can be generally 

classified into four components by considering this impact (Figure 2.1). It is 

able to be divided into surface/skin friction, form resistance (drag force), wave 

resistance (free surface distortions), and resistance related with unsteady flow 

or local acceleration within the flow (Rouse, 1965). This classification enables 

us to distinct the difference in hydraulic methods or structures applied to the 

river channel in regard to several situations occurring in the river system. 

Steady uniform flow in the open channel with a flat bottom is the most basic 

considerable condition in which hydraulic resistance can be studied. Before 

studying changes in the flow characteristics due to roughness and more 

complex flow phenomena, it is very essential to understand which assumptions 

lead to the basic roughness relationships (Huthoff and Augustijin, 2006).
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Figure2.1Classificationoftheflowresistance
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2.1.2 Vegetation Roughness

Flow resistance in an open channel is mainly caused by drag force and 

viscous force acting in the wetted perimeter. Roughness elements in a 

vegetative channel can be conceptually divided into grain roughness, form 

roughness, vegetative roughness. Vegetative roughness is dominant in most 

vegetative channels and characterized by density, height and type of vegetation 

(Temple et al., 1987).

2.1.3 Equations of Roughness Coefficients

Flow resistance is mainly represented by Darcy-Weisbach friction factor (), 

Chezy resistance coefficient () or Manning roughness coefficient () as 

shown in the following equations.


       (2.1)

 
       (2.2)

 
 

       (2.3)

where =meanvelocity, =hydraulicradius, =frictionslope,and

 =theaccelerationofgravity.Eqs.2.1~2.3areproposedtodescribethe

samesituationbutdifferentpredictionresultsarepresentedinmany

casesifappliedtotheactualriverchannel.Therefore,itmaybean

elementthatmakesitdifficulttoobservefordifferentriverchannel

conditionsandthus,eachcountrytendstopreferdifferentequations.

Commonly heard argumentson theseroughnessequationscan be
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generallysummarizedasfollows(HuthoffandAugustijin,2006):

Chezy equation has the appropriate theoretical basis while Manning equation 

is an empirical equation and Darcy-Weisbach equation was induced for the 

pipe channel flow. In addition, Manning roughness coefficients can reflect 

constantly wall surface roughness but Chezy and Darcy-Weisbach equations are 

influenced by the depth. Darcy-Weisbach friction factor is the only 

dimensionless coefficient unlike other coefficients. Although Darcy-Weisbach 

friction factor is a dimensionless coefficient, the introduction of the 

gravitational constant  to match the dimension is generally not to be useful in 

the practical applications considering that  is merely constant. Therefore, 

Manning roughness coefficients have been used most frequently in order to 

calculate the flow in an open channel among these coefficients except the 

cases of especially considering the unit system to calculate roughness 

coefficients (Wu et al., 1999; Kirby et al., 2005).

2.1.4 Manning Roughness Coefficients

The best method to determine Manning roughness coefficients for a 

particular river is to determine through the field measurements. This method 

requires the field investigations during a relatively long period but enables the 

most accurate prediction of roughness coefficients. For this purpose, needless 

to say, field investigations should be carried out for a number of points in the 

river. Therefore, the biggest difficulty in using Manning roughness coefficients 

to design rivers is the accurate prediction of Manning roughness coefficients 

themselves. Each channel has its own characteristics and resistance coefficients 

of the channel depend on a variety of factors in the channel such as size and 
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shape of the channel, river bed materials, vegetation and water depth.

2.1.4.1 Type of River Bed

Traditionally, Manning roughness coefficients could be selected in a simple 

list according to the given description on the channel (Chow, 1959; Henderson, 

1966). The photos presented by Chow(1959) are the most familiar method 

among the prediction methods of river roughness through the appearance 

comparison. They are mostly provided in black or white photos for channels in 

the United States. Theses photos include a wide range of channels and present 

reasonable early predictive roughness values in conjunction with the charts 

provided together. Barnes(1967) also summarized several hydraulic factors and 

terrain characteristics that define the characteristics of channels or rivers and 

photos on river channel whose roughness is already known are presented with 

brief descriptions. Likewise, Hicks and Mason(1991) presented detailed items 

for the rivers of New Zealand and mentioned that they may be used as basic 

values for predicting other roughness coefficients quantitatively or the purposes 

of verification. These methods by appearance comparison provide a good 

reference for roughness if other informations are not available. The total 

roughness can be generally obtained through this photo comparison but it 

should be applied carefully because inappropriate roughness value may be 

obtained for the actual flow range.

2.1.4.2 Bed Materials

The combination of Chezy equation and Manning equation is as follows: 
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        (2.4)

IfconnectedwithDarcy-Weisbachfrictionfactor,itisasfollows:

        (2.5)

Forroughnessheight,Chezyequationmaybederivedasfollows:

log
       (2.6)

BytheEq.2.6,theChezycoefficientisexpressedasfollows:

log       (2.7)

Withrespecttotheflowinaroughturbulentregion,frictioncoefficient

 showsthefollowingrelationshipfor.

∝
       (2.8)

Considering the termsofColebrook-White equation,the range of

relativeroughnessisgivenasfollowsrelatedwiththeEq.2.8.

≤ ≤       (2.9)
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Withinthisrange,Manningroughnesscoefficient isasfollowsfor

ripraprevetments( )and

 
     (2.10)

asfollowsfornaturalsediment(Chow,1959).

 
     (2.11)

2.1.4.3 Vegetation

The roughness effects by vegetation are determined depending on depth of 

the river and proportion of vegetative group in wetted perimeter of the river, 

density of vegetation growing in the river channel, and flexibility of 

vegetation. Generally, if the river width is wide and the density of vegetation 

is low, the effect of vegetation growing in the river channel is relatively 

reduced and if the river width is relatively narrow and a slope is steep and 

vegetation is dense, vegetative roughness has a dominant effect on river 

roughness. The steps of flow change in river channel depend on vegetation. 

They are listed in Table 2.1.
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Steps Attributechangesofwaterflow

1 Reducewatervelocityandraisewaterlevels.

2 Moderatethefloodhydrograph.

3

Increase, progressively, the flooding or overbank spill

particularlyduringsummerwhenaquaticvegetationmaybeat

itsmaximum (i.e.increasefloodrisk).

4

Encouragethedepositionofsuspendedsedimentwhichmay

haveto beremoved to maintain adequateflow discharge

capacity,thisissupplydependentandseasonal.

5

Changethemagnitudeand direction ofcurrentswithin a

channelcausinglocalerosionorreducingerosion,depending

onthelocation,extentanddensityofthevegetation.

6
Interferewiththeuseofwaterforconveyance,navigation,

fishingandswimming.

Table2.1Typicaleffectsofvegetationonwaterflow(HRWallingford,1985)
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2.1.4.4 Manning Roughness Coefficients based on Roughness Elements

Cowan (1956) developed the technique that can divide the total roughness 

into each individual element and assess the effect of each element to determine 

Manning roughness coefficients in order to systemize the evaluation of 

Manning roughness coefficients. This technique determines basic roughness 

coefficients for common straight and uniform channels and adjusts selected 

basic roughness coefficients in consideration of bed surface irregularities, shape 

and size of the channel cross sections, obstructions in channel, vegetation and 

flow conditions, and meandering of the channel (Arcement and Schneider, 

1984).

      (2.12)

where  = basevalueforastraight,uniform channelin natural

materials, =valueaddedto tocorrectfortheeffectofsurface

irregularities, =valueforvariationsinshapeandsizeofthechannel

crosssection, =valueforobstructions, =valueforvegetationand

flow conditions,and  = correction factorformeandering ofthe

channel.

2.2 Vegetative Roughness

2.2.1 Introduction

The growth of vegetation in the river channel is influenced by many factors. 

Changes in roughness due to vegetation depend on the growth of vegetation, 
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intensity of radiation, water quality, water temperature and size of river bed 

materials. They are also influenced by the location and shape of the channel. 

In addition, it should be considered that aquatic plants found in the river have 

a certain amount of  effect on the roughness regardless of the magnitude of 

vegetation as vegetation grows. Their magnitudes range from large enough to 

clearly cause flow changes to smallest enough to smooth water flow over 

rough surface of concrete. The steps of flow changes due to structural changes 

of main factors depending on the growth of vegetation affecting flow 

conditions are as shown in Table 2.1. Seasonal changes influence interaction 

between vegetation and flow.

USSCS (1954) studied to give recommendation for the design of spillways 

which relate grass species, slope range, and the resistance to erosion of the 

parent soil to a permissible velocity in the channel to prevent erosion. The 

retardance of flow by the grasses can be related to the length of stems and the 

quality of the stands because longer stands with a high stem density offer a 

greater resistance (Watson, 1987). This study was conducted out based on the 

previous experiments of Cox (1942), Hamilton (1939), and Ree (1939).

2.2.2  계

Ramser (1929) found out that vegetative roughness is in inverse proportion 

to discharge through the studies of vegetative channels. After this concept was 

presented, early studies on vegetative roughness revealed the fact that Manning 

roughness coefficients change systematically for the multiplication of mean 

velocity and hydraulic radius  for individual vegetation. This relationship is 

characteristic of vegetation and practically independent of channel slope and 
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shape (Chow, 1959). Vegetative roughness began to be presented as the 

 relationship in following studies (Watson, 1987). The  

relationship began to replace  relationship  that means basically 

roughness coefficients decrease as the flow increases, where  was used as 

the hydraulic variable instead of the discharge .

The results of follow-up studies on vegetative roughness such as Palmer 

(1945), Ree (1949, 1958), USSCS (1954), Kao and Barfield (1978) were also 

presented as  relationship. According to these results, if  is great 

(upper roughness regime), vegetation significantly affect the flow and a slight 

increase of roughness is observed. This may due to the buoyancy of grass 

strands. As the  increases, roughness coefficients are getting smaller in the 

transition regime due to drowning out of the vegetation by flattening toward 

rigidity of vegetation (Watson, 1987). The degree to which vegetation bends 

and reduces boundary roughness depends on the flexibility and stiffness of 

vegetation (Kouwen and Li, 1980). This partially explains if highly dense 

vegetation shows greater resistance to flow. If  is really great (lower 

roughness regime), the flow of water has the greatest effect on roughness and 

the effect of vegetation is greatly reduced to the level similar to the results of 

research on unvegetated channels by Richards and Hollis (1980) and Petts et 

al. (1985). Additional research on the effect of vegetation on roughness in the 

open channel and vegetation density distribution of a certain species was 

discussed by Gwinn and Ree (1980). The design of the channel boundary 

related to the trapezoidal vegetative channel has been discussed (Chow, 1959; 

Ree, 1958; Yong and Stone, 1967) and method for preventing the erosion by 

planting grasses at the boundary was recommended by Dobbie and Partners 
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(1980), and Whitehead (1976). Yong and Stone (1967) assessed soil loss in the 

dormant season when the density and length of grasses are lower. The degree 

of vegetative channel protection is significantly seasonal with the period of 

grass dormancy like autumn and winter offering little protection to flows. This 

seasonal nature of vegetal impacts is an important part in the study of aquatic 

plant both for large aquatic macrophytes and grasses on vegetative channels 

(Watson, 1987).

Further studies showed that a similar  curves can be obtained if 

density and rigidity of vegetation, height and submergence conditions of 

vegetation are similar although kinds of vegetation are different (Kirby et al., 

2005). In addition, Fisher and Dawson (2001) also reviewed several empirical 

equations presented for vegetative roughness expressed in the form of 

 (where  = base roughness value of channel and  = area of 

vegetation group) in consideration of the area of each vegetation group and 

presented that proper results can be obtained in most cases. In fact,  

relationship is equivalent to   relationship because  is proportional to 

Reynolds number , whose conventional definition in open channel flow is 

given by (Chow, 1959)

 


    (2.13)

The kinematic viscosity of water  does not vary significantly under normal 

conditions. The Manning equation has been shown to be applicable in the case 

of fully turbulent flow (Henderson, 1966). Darcy-Weisbach friction factor  is 
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often used instead of Manning roughness coefficient  when  , where 

the flow regime is likely to be laminar to transitional. Generally, Manning 

roughness coefficient  gradually decreases as  increases. Roughness 

coefficient decreases as the degree of vegetation submergence and bending 

increase. Roughness coefficient will have a minimum value if  gets large 

enough that vegetation is completely bent and becomes flat. On the contrary, if 

flow is laminar or transitional, i.e. , friction coefficient  is also 

reduced when  is reduced. Kouwen and Li (1980) explain that if  (or 

discharge) increases, Manning roughness coefficient  decreases because the 

degree of vegetation bending increases. Only vegetative roughness is presented 

as the relationship with  in roughness elements of Eq. 2.12. The  

analysis is a method for purely analyzing the effect of the degree of vegetation 

bending on roughness coefficients but the effect of submergence is also 

included because a water level increases as well in the actual experiment if 

 increases. Real  values exceed the possible experimental ranges during 

floods. Therefore, it is reasonable to apply the convergence value of  

relationship of the experiment if it is applied to a real river. 

This method commonly called as the  approach appears to be well 

suitable in most cases in Europe or US and other countries. However, some 

researchers argue that this is scientifically inadequate. Smith et al. (1990) 

pointed out that the same  value obtained from different  and  is not 

completely independent from the slope. Kouwen (1992) pointed out that 

 curve does not fit well if the slope is less than 0.01 because the 

existing studies have been carried out when the slope of the stream channel is 

greater than 0.01 while USSCS (1954) recommends  .
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 However, the variability of  becomes smaller for the discharge above a 

certain amount. Estimated roughness coefficients  become almost constant if 

 increases enough and hence, the uncertainty of  relationship is 

reduced. Its shortcomings in use can be complemented because experimental 

results for the various kinds of vegetation have been accumulated in the case 

of foreign countries where  method is generally applied. Kouwen 

(1992) also compared ironically that his evaluation equations for roughness 

coefficients can replace  curves because the practical aspect of  

method cannot be ignored (Figure 2.2).

2.2.3 USSCS (US Soil Conservation Service) Evaluation Method

USSCS (1954) evaluation method is the semi quantitative method frequently 

used to determine roughness in vegetative rivers. As mentioned in Eq. 2.12, 

roughness coefficients are constituted by considering a variety of factors such 

as channel shape, bed irregularity, bed materials, obstructions in the channel, 

vegetation, meandering etc. Generally, for uniform vegetation, the research is 

carried out under the assumption that there is a particular relationship between 

Manning roughness coefficient  and  regardless of the relative number of 

mean velocity and hydraulic radius.

In small and medium-sized rivers with dense vegetation in the maintained 

river channel,  represented as vegetative roughness becomes more important 

than other roughness elements. On the other hand, the importance of  

decreases and the importance of  or ,  increases in large rivers because 

the relative contribution of the roughness element is reduced compared to the 

depth in general.
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Figure2.2Comparisonof  curveswithresultsofKouwen(Kouwen,1992)
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This means that it is decreased the influence of vegetation on the flow state 

of the large river channel. Therefore, in the case of high water or flood, the 

height of vegetation is generally much smaller than depth and the thickness of 

the boundary layer by vegetation is gradually minimized so the part occupied 

by vegetation in the flow area gets smaller gradually to a level that can be 

ignored. As a result, roughness coefficients are converged to a constant value 

(Temple et al., 1987). On the contrary, the influence of vegetation is more 

important in the floodplain of large rivers and small and medium-sized 

channels and if applying a converged constant roughness coefficient, estimated 

water stages may be inaccurate.

In USSCS evaluation method, total roughness will be evaluated after 

classifying it into 5 groups based on experimental and field data of individual 

researchers by considering vegetative roughness element . Total roughness 

coefficients including  are evaluated by using  curve presented in 

each vegetation group (Figure 2.3). River designer can choose the evaluating 

equation directly from Table 2.2 based on his experience about the vegetation 

group and conditions.

Green and Garton (1983) proposed evaluation equations of resistance 

coefficients  that can be applied to the classification of 5 groups of vegetation 

presented by USSCS (Table 2.3). This method can be said to be the same 

method in principle as the method of determining roughness coefficients 

through visual comparison presented by Chow (1959) and other researchers. In 

the method of Chow, presented photos only serve as the guideline. River 

designers can select proper roughness coefficients for hydraulic design by 

comparing site conditions and photos eventually based on their experiences.
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Stand Averageheight Retardance

Good

Longerthan76.2cm (30in) A

27.9~61.0cm (11～24in) B

15.2~25.4cm (6～10in) C

5.1~15.2cm (2～6in) D

lessthan5.1cm (2in) E

Fair

Longerthan76.2cm (30in) B

27.9~61.0cm (11～24in) C

15.2~25.4cm (6～10in) D

5.1~15.2cm (2～6in) D

lessthan5.1cm (2in) E

Table2.2Grasscoverretardanceclasses(USSCS,1954)
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Figure2.3 curvesforretardanceclasses(USSCS,1954)
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Retardan

ceclass

Vegetatio

nheight

(m)

Equation Limitsof (m²/s)

A >0.76
     

     

B 0.28～0.61

     

       

     

C 0.15～0.25
     

     

D 0.05～0.15
     

     

E <0.05
     

     

Table2.3Grasscoverretardanceclassequations(GreenandGarton,1983)
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 In the result, the main objective of USSCS evaluation method is selecting 

the appropriate  curve by determining the vegetation state of the target 

river channel from the view of the selection of vegetative roughness. This 

methodology is also similarly applied to the selection method of vegetative 

roughness presented by USGS and also focuses on presenting the appropriate 

guidelines for selecting a vegetative roughness element . USGS suggests 

guidelines to each element of river channel. Table 2.4 shows one of them for 

flood plain. It also consists of five steps depending on the condition of 

vegetation and roughness coefficients are selected within the defined range by 

determining the condition of vegetation and water level (Arcement and 

Schneider, 1984).

2.2.4 Reflection of Vegetation Characteristics 

2.2.4.1 Vegetation Specifications

Temple (1982, 1986, 1999) conducted a study on evaluation of roughness 

coefficients based on the experiments with the close-natural channel. These 

experiments are semi-real scale experiments very close to in situ conditions. 

Temple also considered  as an important factor based on previous research. 

He carried out the study on vegetative roughness coefficient by considering a 

vegetal retardance curve index   that considered vegetation height  as an 

important variable. In the early stages, the experiment was carried out for 

mixed grass composed of vegetation growing around the experiment channel 

and Bermuda grass which is also mentioned in the classification of USGS. 

Experimental results were analyzed and the following relation equation was 

presented.
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Vegetatio

n

Roughness

value

adjustment

Description

small 0.001～0.010

Densegrowthsofflexibleturfgrass,suchas

Bermudaorweedsgrowingwheretheaverage

depthofflow isatleasttwotimestheheight

ofthevegetation.Suppletreeseedlingssuchas

willow,cottonwood,andarrow-weedgrowing

wheretheaveragedepthofflow isatleast

threetimestheheightofvegetation.

medium 0.010～0.025

Turfgrassgrowingwheretheaveragedepthof

flow isfrom onetotwotimestheheightof

vegetation.Moderately dense stemy grass,

weedsortreeseedlingsgrowingwherethe

averagedepthofflow isfrom twotothree

timestheheightofthevegetation.Brushy,

moderately densevegetation,similarto1~2

yearoldwillow treesinthedormantseason.

large 0.025～0.050

Turfgrassgrowingwheretheaveragedepthof

flow isaboutequalto the heightofthe

vegetation. 8~10 years old willow or

cottonwoodtreesintergrow withsomeweeds

andbrush(noneofthevegetationinfoliage)

wherethehydraulicradiusexceeds0.607m.

Alternatively,maturerow cropssuchassmall

vegetablesormaturefieldcropswheredepth

flow is atleasttwice the heightofthe

vegetation.

very

large
0.050～0.100

Turfgrassgrowingwheretheaveragedepthof

flow is less than halfthe heightofthe

vegetation,ormoderate to densebrush or

heavystandoftimberwithfew fallentrees

andlittleundergrowthwheredepthisbelow

branches,ormaturefieldcropswheredepthof

flow islessthantheheightofvegetation

extreme 0.100～0.200
Densebushywilloworheavystandsoftimber,

few fallentrees,depthreachingbranches.

Table2.4Adjustmentvaluesforthevegetativeroughnessoffloodplains(Arcement

andSchneider,1984)
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 expln
 ln

      (2.14)

 
 



    (2.15)

Eq.2.14wascomplementedbytheexperimentalresultsofwheatand

fescue.Theimprovedequationwaspresentedasfollows(Temple,1999):

 exp ln
ln      (2.16)

  


 or   
 



    (2.17)

where =stem densityand  =therootmeansquareofstem

length.

2.2.4.2 Vegetation Rigidity

Kouwen and Li (1980), Kouwen (1988) evaluated Darcy-Weisbach friction 

factor by using the rigidity of vegetation and presented the relation equation 

considering roughness height , height of vegetation (or length of stem)  

and flexural rigidity of vegetation . 

 














 



 






    (2.18)
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where =bulkflexuralrigidityofvegetationand  isthetotal

boundarysheargivenby:

      (2.19)

where =specificweightofwaterand  =depthofwater.

Kouwen and Li (1980) evaluated  for individual vegetation data by 

using the experimental data of the pervious researches. The values of  

were determined by reviewing the applicability. Friction coefficient  was 

evaluated in consideration of roughness height , flexural rigidity and bending 

condition of vegetation through the logarithmic equation (Kouwen, 1988):

 log     (2.20)

where and arecoefficientsdependentupontheextenttowhichthe

vegetationisbent.Table2.5liststhevaluesof and asafunctionof

.Theshearvelocity isgivenby:

      (2.21)

Thecriticalshearvelocity  inconsiderationofflexuralrigidityof

vegetationisgivenby:

 min       (2.22)
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Classification Criteria  

erect    ≦  0.15 1.85

prone      ≦  0.20 2.70

prone      ≦  0.28 3.08

prone     0.29 3.50

Table2.5Valuesof and (Kouwen,1988)
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Kouwenalsosummarizedexistingexperimentaldataandproposedthe

equationinordertodetermine asfollows:

  for green state     (2.23)

  for dormant state     (2.24)

where “green state” meansvegetation in the growth phase and

“dormantstate”meansvegetationstopsgrowingandstartstowiltafter

theearlyfall.

2.3 Drag Coefficient

2.3.1 Acting Force

When an object is moving in the stationary fluid or when fluid flows around 

an object, the fluid exerts a resultant force. Drag force is one of the 

components of this resultant force parallel to the free stream and the other 

component perpendicular to the free stream is lift force. By definition drag and 

lift forces are limited to those forces produced by a flowing field. Lift and 

drag forces are related to the stress distribution on an object through 

integration. For example, consider the stress acting on a tree (or grass). There 

is a pressure distribution and a shear stress distribution. The magnitude of the 

pressure force is  , and the magnitude of the viscous force is 

  (where  = pressure,  = shear stress, and  = area) shown in 

Figure 2.4. The differential lift force is normal to the free-stream direction. 
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 sincos     (2.25)

VdF dAt=

FL

q

pdF p dA=

cosp dA q

sinp dA q-

FDVO
dAt

sindAt q

cosdAt q

Figure2.4Pressureandviscousforcesactingonadifferentialelementofarea
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and the differential drag is parallel to the free-stream direction

 cossin     (2.26)

where  =anglebetweendragforceandpressureforce.Integration

overthesurfaceoftree(orgrass)givesliftforce anddragforce:

 sincos     (2.27)

 cossin     (2.28)

Eqs.2.27and2.28show thatthedragandliftforcesarerelatedtothe

stressdistributionthroughintegration.Dragforcecanbewrittenasthe

sum oftwointegrals.

 cossin     (2.29)

First term is the form drag. It is the portion of the total drag force that is 

associated with the pressure distribution. Second term is friction drag. It is the 

portion of the total drag that is associated with the viscous shear stress 

distribution. The total drag force on any object is the sum of form drag and 

friction drag, and can be expressed as follows (Crowe et al., 2010):

(total drag) = (form drag) + (friction drag)     (2.30)
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2.3.2 Drag Coefficient 

The drag force acting on an object can be obtained by using drag force 

equation:

 
       (2.31)

where   = drag coefficient,  = reference area,  = fluid (usually water) 

density. Then reference area  depends on the type and shape of an object. 

Generally, it means projected area  for the flow direction. The projected 

area for the flow direction is used to calculate drag force in most cases. The 

drag coefficient   is parameter that characterizes the drag force associated 

with a given object shape. The drag coefficient is a dimensionless defined by

  


reference areakinetic pressure

drag force
    (2.32)

Values of this drag coefficient are generally determined by the experiment. 

Drag force is measure by using strain gauge or load cell. Then  can be 

calculated by Eq. 2.32. For this calculation, flow velocity is measured using a 

velocimetry, and fluid density is calculated in consideration of pressure and 

temperature. Eq. 2.32 show that drag force is associated with to four variables. 

Drag force can be directly related to the shape of an object because shape is 

characterized by the drag coefficient. Drag force is also related to the size of 

an object because the size is generally characterized by the projected area. 
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Finally, drag force is directly related to density and velocity of the ambient 

fluid. This means that if drag coefficient is constant and velocity doubles, 

dynamic load acting on the object goes up by four times.

Drag coefficients for two-dimensional objects are called sectional drag 

coefficients. Two-dimensional objects have a constant cross-section and can be 

assumed that the drag coefficient is not affected by end effects, and they are 

infinitely long in the direction normal to the flow. The sectional drag 

coefficient can be used to estimate  for real objects. For example,   for 

a cylinder with a length to diameter ratio of 20 approaches the sectional drag 

coefficient because the end effects have an insignificant contribution to the 

total drag force. Alternatively, the section drag coefficient would be inaccurate 

for cylinder with a length similar to diameter because the end effects are more 

important (Crowe et al. 2010).

Reynolds number  affects the sectional drag coefficients sometimes. Drag 

coefficient for the flat plate and square rod is independent of Reynolds 

number. The objects with sharp edges produce flow separation, and drag force 

is mainly due to the pressure distribution (form drag) and not on the shear 

stress distribution (friction drag is greatly influenced by Reynolds number 

generally). On the contrary, circular cylinders or streamlined objects are 

strongly influenced by Reynolds number because both friction and form drag 

are significant.

Variation of the drag coefficient with Reynolds number can be described in 

terms of several regimes about the objects. For example, in the case of a 

circular cylinder, as Reynolds number increases, the drag coefficient decreases 

if Reynolds number is relatively small ( ) because the drag coefficient 
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depends on both friction drag and form drag. If  , form drag 

gradually becomes the dominant cause of drag force because the flow pattern 

around the cylinder remains virtually unchanged so pressure distribution around 

the cylinder does not significantly change either. Therefore, the drag coefficient 

has a nearly constant value. If Reynolds number gets relatively large 

( ),  the drag coefficient reduces by 1/5 because the boundary layer on 

the circular cylinder changes. If , the boundary layer is the laminar, 

and flow separation occurs in the midway of a circular cylinder. Hence, the 

half of the downstream side of a circular cylinder is exposed to relatively low 

pressure, which in turn produces a relatively high drag coefficient. When 

, the boundary layer is turbulent, which causes the high velocity flow 

field around the circular cylinder. The flow separation point moves farther 

downstream, which produces a much narrower zone of low pressure and the 

lower drag coefficient.

Surface roughness has a significant influence on the drag. For example, as 

the surface of a circular cylinder is getting rough, turbulent flow is produced 

at lower Reynolds number. The same trend can also be produced by creating 

abnormal turbulence in the approach flow. As roughness height is getting 

bigger, a drag coefficient begins to decrease in small Reynolds number, but the 

drag coefficient is not reduced drastically and maintains a constant value if 

roughness is large enough.

2.4 Roughness Coefficient Evaluation using Drag Coefficient

2.4.1 Introduction

Flow characteristics of the vegetated area are considerably distinguished 
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depending on the degree of vegetation submergence. Researches were 

conducted by dividing emergent and submerged conditions (Finnigan, 2000; 

Nepf and Vivoni, 2000; Ghisalberti and Nepf, 2004; Nepf, 2012). Taking this 

submergence condition into account, flow resistance was often analyzed by 

subdividing the flow field into layers which flow passes without resistance and 

flow passes through vegetation (Huthoff et al., 2007; Yang and Choi, 2010; 

Konings et al., 2012). These layer approaches have been extended by 

considering a near bead layer to account for the effect of bed roughness (Huai 

et al 2009). In the case of the flood plain where shrubs and trees are 

vegetated, emergent flow conditions (passing through vegetation) are very 

important for the flow resistance analysis. Under these conditions, the total 

drag fore per unit area can be split into a stress acting on the exposed 

substrate surface and a stress acting on the vegetation elements according to 

the linear superposition principle (Petryk and Bosmajian, 1975; Raupach, 1992; 

Yen 2002). Considering steady uniform flow conditions in spatially averaged 

framework (Nikora et al., 2007), the total stress results from the component of 

water weight in the direction of flow taking into account the submerged 

portion of the plant volume (Aberle and Järvelä, 2013).

2.4.2 Simple Vegetation Elements

 Rigid stems, tree trunks, and reed-type grasses have been simulated by the 

simple objects such as a cylinder installed in a regular or random formation 

(Linder, 1982; Nepf, 1999; Kothyari et al., 2009). In the emergent condition, 

area of vegetation   (where  = area of each vegetation and  = 

diameter of stem). The drag coefficient is a function of stem roughness 
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(Tanaka et al., 2011), stem shape (James et al., 2008), stem Reynolds number 

 , both array density and pattern (Li and Shen, 1973; Linder, 1982; 

Nepf, 1999; Ishikawa et al., 2000; Kothyari et al., 2009). For a cylinder array 

drag force can be calculated in two ways. First, taking into account 

heterogeneous flow conditions due to the wake shelter effect (Li and Shen 

1973; Pasche and Rouvé, 1985; Nepf, 1999), Second method is considering the 

spatially averaged drag force. Considering both cases, the following equation is 

derived (Li and Shen, 1973).

  



    (2.33)

where  = approaching velocity and subscript  denotes each vegetation. Due 

to wake flow characteristics in the cylinder array, the bulk drag coefficient   

may have a significantly different value from  of and emergent cylinder for 

a wide range of  and hence cannot be adequately estimated using such an 

analogy. Various studies suggested a decreasing tendency of   with 

increasing  (Linder, 1982; Nepf, 1999; Ishikawa et al., 2000; Tanino and 

Nepf, 2008; Kothyari et al., 2009) and that, for the same  and array density, 

 is larger for a staggered than for an inline array (Li and Shen, 1973; 

Linder, 1982; Schoneboom et al., 2011). However, these results are not 

consistent with those of array density. For example, Ishikawa et al. (2000), 

Tanino and Nepf (2008), Kothyari et al. (2009), and Stoesser et al. (2010) 

found that  increases depending on stem density, but Nepf (1999) presented  
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the opposite conclusions for similar array density and .

These contrasting conclusions can be explained as follows: Linder (1982) 

found that the wake flow of the upstream cylinder does not have a significant 

impact if it is larger than 40 times of array spacing and argued that local 

access velocity  maintains a similar value in the array up to 20 times of the 

spacing. According to other studies, evaluating  at a distance of less than 

20 times of the spacing in cylinder array shows that there is variation in   

depending on the variation of . Further experimental issues potentially 

contributing to these differences may be related to flow conditions, direct or 

indirect measurements, respectively, measurements of drag forces exerted on 

and individual cylinder within the array and neglecting the influence of wake 

flow characteristics, and the used definitions of the hydraulic variables. In 

addition, Lindner (1982) found that the disturbance of the flow in an array of 

identical volume concentration of cylinders is larger when the array is 

composed of cylinders with a smaller diameter than by the cylinders with a 

larger diameter. This explains that there are many factors to be considered in 

flow resistance even in the simplest array type (Aberle and Järvelä, 2013).

2.4.3 Vegetation with Branches

The mechanical design of most riverside vegetation is different from the 

ideal simple shape. Regardless of whether there are branches or leaves, 

vegetation in a floodplain is a porous object and can be assumed in the 

overlapped shape of each solid element. This shape provides difficulties 

because it is associated with the shape and stiffness of an element in 
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evaluating drag coefficient  and area of vegetation . In addition,  is 

affected by wake flow and flow is also affected by the shape of each 

vegetation element, so the problem becomes further complicated. Some 

information can be obtained from studies carried out with isolated plants. Grant 

and Nickling (1998) concluded from their study with isolated artificial irgid 

scots pine trees that complex shaped trees are characterized by larger drag 

coefficients than rigid cylinders. The reason for this is associated with the 

momentum loss due to internal flow conditions within the plant pervious body.

Flows with low porosities may be modelled using porous media approaches 

(Zinke, 2011, Zhao et al. 2012). However, with increasing porosity of the 

individual plants, a growing portion of the flow would be able to pass through 

the shrub without a loss of momentum resulting in a lower drag coefficient 

(Grant and Nickling, 1998). Further problems arise with the characterization of 

the reference velocity  for the parameterization of the drag associated with 

the internal flow processes as the wake superposition concept cannot be easily 

applied to a flow through complex-shaped elements. Thus, the importance of 

internal flow conditions, i.e. at the sub-plant scale, already reflects the scale 

dependency which becomes even more important when considering larger 

scales due to the development of multi-scale boundary layers (Nikora, 2010) 

and, particularly for emergent situations in plant stands, wake flows. The 

estimation of   for an isolated complex-shaped element (or of   for plant 

stands) is aggravated by the fact that  is directly linked with the 

characteristic area  (Vogel, 1994; Statzner et al., 2006). In order to 

determine , complex shaped vegetation elements have often been reduced to 
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a single “effective” element with mathematically clearly defined shape 

(typically a cylinder). Many attempts have been based on simple estimates of 

the main stem diameter at a certain height above the ground although the 

diameter of the floodplain vegetation typically decreases towards the crown. 

Moreover, branches can contribute more to the total area and volume of 

floodplain vegetation than the main stem (Järvelä, 2002; Wilson et al., 2006) 

and hence the characterization of  based on the stem diameter cannot be 

considered adequate for branched leafless trees and shrubs (Aberle and Järvelä, 

2013). 

Other approaches for the determination of  have been based on the 

photographic image analysis (Järvelä, 2002), the measurement of the projected 

area of the trunk and principal branches (Armanini et al., 2005; Righetti, 

2008), the anatomization of complete trees in small increments (Wilson et al., 

2006), or the product of effective plant height with effective plant width 

(Freeman et al., 2000). Nowadays, techniques such as terrestrial laser scanning 

(TLS) can be used to determine the tree geometry directly from field 

measurements with a millimetric to centimetric resolution (Antonarakis et al., 

2009; Jalonen et al., 2014). If the characteristic area is assumed to correspond 

to the frontal projected area and is estimated from frontal photographs, 

upstream branches and leaves can hide downstream projected area that can be 

hydraulically effective and the results are prone to scale effects (Sagnes, 2010).

2.4.4 Momentum Balanced Model

Assuming a one-dimensional channel where vegetation is planted, Petryk and 

Bosmajian (1975) presented the methodology called “Momentum Balanced 
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Model.” Researches on vegetative roughness by drag force measurement have 

been conducted based on this methodology up to now. Momentum balanced 

model can be applied to both grasses and shrubs (trees). However, studies on 

grasses have been carried out mostly based on   relationships. This 

method are applied to evaluate roughness coefficients only for shrubs based on 

drag force measurement. Assuming appropriate control volume in the 

one-dimensional channel and considering momentum for control volume, 

      (2.34)

     (2.35)

  




     (2.36)

where,  = length of control volumes,  = bed slope, and  = wetted 

parameter, subscript  denotes each vegetation, considering shear stress as 

follows:

 

     (2.37)

Finally, the following equation is derived.






 
 


      (2.38)

In Eq. 2.38, the second term in the radical sign is much larger than 1, it 
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becomes as follows:



 
 


 ≫     (2.39)

 





    (2.40)

In the one-dimensional channel assumed above,

 , , 


,      (2.41)

where  = width of channel and  = cross sectional area of channel. It is as 

follows for submerged conditions and just submerged conditions.

 ,     (2.42)








 





 


     (2.43)

So finally it is:

  





     (2.44)

If considering the leaf-part of grasses, the canopy of shrubs, or considering 



- 46 -

fully submerged conditions, effective width  is used in place of  as 

follows: 

≈


    (2.45)

  





     (2.46)

2.4.5 Researches on Experiments by Drag Force Measurement

Existing research on vegetation has been mainly conducted for artificial 

circular cylinders that modelled stems of shrubs, grasses, agricultural crops. 

However, there have been few studies on shrubs or other vegetation for both 

fully submerged conditions and emergent conditions. Complexity due to canopy 

biomass which changes depending on highly flexible stems or flow makes it 

difficult to understand flow resistance caused by this part in many cases. 

Several methods have been tried to measure drag force acting on bending 

vegetation by the influence of flow. These methods obtain drag force acting on 

vegetation by measuring transformation due to tension or compression by 

mainly using load cell. These measurement methods are similar in concept but 

show a difference in the way of attaching experimental vegetation to load cell. 

What should be focused on these measurement methods is to minimize friction 

force acting on each component constituting the system inside the measuring 

system compared to drag force acting on vegetation.
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2.4.5.1 Freeman et al. (2000)

Freeman et al. (2000) identified the effect of vegetation on flow resistance 

by carrying out an experiment mostly targeting small trees and shrubs. Drag 

force and head loss caused by real vegetation was measured in the laboratory. 

For total 20 kinds of trees, drag force and flow resistance were measured in 

two channels while varying density, size and shape of vegetation for groups of 

uniform sized plants and groups of mixed plants. In the large channel, the 

experiment was carried out for single vegetative group by using 13 kinds of 

trees and drag force measurement and roughness evaluation experiment were 

performed for total 6 kinds of complex vegetative groups by combining target 

vegetation. In the small channel, the experiment was carried out for single 

vegetative group for a total of 10 kinds of trees (Table 2.6). Vegetation used 

in the experiment is all broadleaf deciduous trees commonly found in 

floodplains or riparian areas.

The plants evaluated in the large flume were placed in staggered rows along 

the experimentation section. The spacing selected for the plants was based on 

typical plant spacing found in floodplains. The plant density was calculated as 

the number of plants per unit area. The plants evaluated in the small flume 

were placed in a single row of four to five plants along the center line of the 

flume. A single plant was instrumented for measuring drag force in both 

flumes. The instrumented plant in the larger flume was located in the center of 

the experimentation section. The plant selected for measurement in the small 

flume was the downstream plant, with four plants located upstream.
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Variable Range

Depth(m) 0.4～1.4

MeanVelocity(m/s) 0.15～1.1

PlantHeight(cm) 20～152

PlantWidth(cm) 7.6～91

PlantDensity(/m²) 0.53～3

 1.4×105～1.6×106

Table2.6Ramgeofvariables(Freemanetal.,2000)
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The experimental setup for the small flume allowed for a more accurate 

measurement of plant approach velocity and drag force. Roots had to be 

removed from all the plants used in the small flume, but only the plant used 

to measure drag force in the large flume required root removal. All other 

plants in the large flume were placed intact, with root structure and original 

soil, into a 20.3 cm deep. 

An average-sized plant was selected and inserted into a platform. The 

platform was a shallow metal box with ball bearings in the bottom and a metal 

plate resting upon the ball bearings as shown in Figure 2.5. Strain indicator 

was then attached to the downstream end of the plate to measure the drag 

force applied to the plant by the moving water. This drag force was measured 

as a compression force. During the experiment the platform was covered with 

a section of drain cloth to prevent soil from interfering with the ball bearings 

and movement of the plate. The platform was also covered with a plastic lid 

to reduce friction drag on the platform. The strain gage was zeroed at the start 

of each series of experiments. The range of the strain gage was 0 to 44.5 N.

According to experimental results of Freeman et al. Average channel 

velocities between 0.914 and 1.22 m/s were necessary to cause either the 

leaves to break off the plants or for the stems to break. These velocities also 

caused significant movement of bed material. It is possible that many of the 

leaf and stem failures may have been due to the impact from large bed 

material, i.e., gravel size particles, being transported by the flow. Also a 

significant increase in velocity was identified in the open space of the beneath 

the canopy. Velocity at the river bed is considered to be great enough for 

large bed materials to move beneath the canopy (Figure 2.6).
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Figure2.5Experimentalsetuptomeasuredrag(Freemanetal.,2000)
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Figure2.6Examplevelocityprofile(Freemanetal.,2000)
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Experimental results showed that streamlining of target vegetation becomes 

the maximum, and acting force also becomes the maximum when changes in 

the frontal projected area of vegetation are gradually reduced according to the 

velocity increase and not changed any more. The shape of foliage changed 

depending on velocity and was close to the streamlined shape as velocity 

increases. As the shape of foliage was close to the streamlined shape, the 

value of drag force and resistance coefficient significantly decreased depending 

on the velocity. On the other hand, roughness coefficients increased depending 

on the depth in emergent conditions and this is due to an increase in the 

blockage area by vegetation as depth increases. When the depth reached 80% 

of the undeflected vegetation height, transition occurred from emergent 

condition to fully submerged condition. In addition, flow was diverted to 

beneath the canopy by the effect of canopy. Increased under-canopy flow has 

caused the scour in the bed and led to a significant increase in sediment.

Hydraulic resistance of the vegetative channel is influenced by velocity, 

depth, hydraulic radius, and rigidity, frontal projected area, and density of 

vegetation growing in the channel. Based on these variables, Freeman et al. 

analyzed the roughness coefficient based on the results of drag force 

measurement and presented the roughness coefficients evaluation equation for 

fully submerged tree group and emergent tree group. The roughness 

coefficients evaluation equation for fully submerged tree group is as follows:

 
 




 





 







     (2.47)
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Eq. 2.47 can be applied when   , where    = shear velocity, 

 = total cross sectional area of all of the stems of an individual plant 

measured at ,  = Modulus of Elasticity. The roughness coefficients 

evaluation equation for emergent tree group is as follows:

 
 






 







     (2.48)

where 
  ′ and ′ = height to the bottom of canopy.

The modulus of elasticity  is critical to the calculation of resistance 

because of the flexibility of the plants and the deformation of leaf masses due 

to flow forces. Freeman et al. obtained  as follows:

 




     (2.49)

where  = horizontal force necessary to bend a plant stem 45 degrees 

measured at . and   = diameter of plant stem measured at . Freeman 

et al. did not determine  as drag force measured when performing 

experiments. The rigidity of target vegetation is determined through field 

measurement before performing the experiment. Based on field measurements, 

the rigidity of target vegetation was calculated by using the following equation. 


 

 



 


  (2.50)
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2.4.5.2 Armanini et al. (2005)

Armanini et al. (2005) measured drag force for vegetation of willow family 

(Salix Alba). After inserting vegetation inside the vertical cylinder attached on 

the experimental apparatus as shown in Figure 2.7, drag force was measured 

for fully submerged conditions and emergent conditions for single vegetation. 

The experimental apparatus is carefully surrounded with sand and gravel and 

concrete to avoid any discontinuity in the bed. The experiment was carried out 

for two groups: One is the big willow group with 2.5 m in height, about 15～

20 mm in diameter and the other is the small willow group whose height is 

aligned to approximately 1.0 m by cutting the top of vegetation. After filling 

water to the desired depth, it was stabilized and then was set to zero. The 

experiment was conducted up to 0.81 m/s by gradually increasing velocity. The 

modulus of elasticity of willow was evaluated to perform the experiment, 

obtaining values that range between 3800 N/mm² for the smaller willows up to 

4500 N/mm² for the bigger

For the big willow group, the experiment was carried out for 3 stages. Only 

emergent conditions were implemented. For the small willow group, the 

experiment was carried out for 5 stages. Emergent conditions and fully 

submerged conditions were considered. In order to evaluate the contribution of 

foliage for the entire drag force, the experiment was conducted in the condition 

with leaves, and then, the experiment was conducted again after removing 

leaves. According to experimental results, Armanini et al. found out that, if 

there are no leaves, the drag force coefficient is almost 1 for rigid vegetation 

stem. For the flexible vegetation part, if velocity increases, the drag force 

coefficient decreases rapidly at the fully submerged condition.
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Figure2.7Forcetransducer(Armaninietal.,2005)
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2.4.5.3 Wilson et al. (2008)

Wilson et al. (2008) studied the effect of drag force acting on the vegetation  

depending on the presence and absence of foliage. The experiment was carried 

out in the fully submerged condition for pine (Pinus sylvestris) and ivy 

(Glechoma hederacea) with different shapes of leaves, and then, the results 

were compared. Wilson et al. measured drag force acting on vegetation by 

using the measuring device as shown in Figure 2.8. As shown in Figure, using 

two strain gauges enabled both the drag force and the length of the lever arm 

 to be determined through

  
      (2.51)

 


    (2.52)

where and =bendingmomentatgaugestopandbottom ofthe

measuringdevice,and  =distancebetweenstraingauges.

Wilson et al. revealed that drag force of vegetation is mostly caused by 

foliage of vegetation canopy, and presented that Manning roughness 

coefficients are 1.2 for willow if velocity is 0.5 m/s and about 1.50～1.75 for 

pine branches and ivy compared to the results of Armanini et al.
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Figure2.8Dragforcemeasurementsystem(Wilsonetal.,2005)
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2.4.5.4 Wunder et al. (2011)

Wunder et al. (2011) analyzed the characteristics of drag coefficients 

depending on changes of flow condition by using three types of willow. In 

order to calculate the projected area of vegetation as a main variable in the 

drag force evaluation, frontal projected area in flow condition (stressed) and 

frontal projected area in waterless condition (unstressed) were compared when 

measuring drag force (Figure 2.9). As a result, flexibility increases greatly and 

projected area is reduced due to the effect of the flow if there are leaves, 

indicating a much smaller value compared to typical drag force coefficient 

values, while vegetation without leaves showed a tendency that drag force 

coefficients increase compared to a typical value because the surface roughness 

is higher in relation to the diameter of branches although flexibility is small.
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Figure2.9Projectedplantareatotheflow(Wunderetal.,2010)
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2.4.6 Evaluation of Roughness Coefficient by Drag Measurement

If measuring drag force   with a load cell,  can be calculated because 

density of water  and frontal projected area of vegetation  and  are 

already known or can be assumed. Roughness coefficients are evaluated by 

using this drag coefficient  .

2.4.6.1 Group of Vegetation

Evaluation methods of roughness coefficients based on the results of drag 

force measurement can be divided into two parts. At first, the case of 

evaluating vegetative roughness coefficients for the group of trees considers 

density of vegetation  according to the assumption of Kaldec (1990) as 

follows:

 

     (2.53)

where   = plan area of the group of tress. If considering Keulegan resistance 

coefficient, it is as follows: 

 
 









    (2.54)

The ratio of shear velocity and mean velocity  is also expressed as 

follows for Darcy-Weisbach friction factor , Chezy coefficient , and 

Manning roughness coefficients .
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    (2.55)

then,

 

 
    (2.56)

The relationship between drag coefficient  and Manning roughness 

coefficients  can be developed as follows by Eqs. 2.54~2.56.

 
 



 
 





 


(2.57)

2.4.6.2 Single Vegetation

If evaluating vegetative roughness for a single tree, it is necessary to assume 

the effect range, i.e., appropriate control volume vegetation. By assuming the 

proper effect range, shear stress  can be expressed as follows:

 


    (2.58)

where  = width of the control volume (usually channel width). From Eq. 

2.68, Manning roughness coefficients  is determined as follows: 
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≈





    (2.61)

where  = depth that means height of control volume.
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3. Experimental Study

3.1 Vegetation Selection

3.1.1 Grasses

In order to select the subjects of an experimental study on vegetative 

roughness, representative vegetation growing in domestic rivers and banks is 

selected and reviewed based on river vegetation investigations for domestic 

rivers in this study. First, vegetation to be studied was selected by taking into 

consideration the characteristics of domestic river cross-section represented by 

levees and floodplains. The vegetation status in the domestic rivers was 

reviewed and then, Korean Velvet Grass (Zoysia matrella) for the levee slope, 

Korean Pennisetum (Pennisetum alopecuroides (L.) Spreng.) for the floodplains 

within the river channel and a reed (Phragmites commnis Trin.) was selected 

as representative vegetation for waterfront area (Figure 3.1) and then, the flow 

resistance effect by individual vegetation was reviewed. 

Domestic rivers can be generally divided into gravel rivers and sand rivers 

depending on the characteristics of bed materials, so vegetation as shown in 

Table 3.1 was additionally reviewed. As listed In Table 3.1, “Dal” (Phragmites 

japonica Steud.), Amur Silver Grass (Miscanthus sacchariflorus (Maxim.) 

Benth.), and a common reed (Phragmites commnis Trin.) were selected as 

experiment subjects by considering representative vegetation and experimental 

conditions of domestic rivers.
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Phragmites communis Trin. Pennisetum alopecuroides
(L.) Spreng. Zoysia matrella

Miscanthus sacchariflorus Phragmites japonica

Figure3.1Domesticrepresentativegrassesfoundonrivercrosssection
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Classification Representatives Selected reason

Natural 

river

Sand and 

gravel river

“Dal”, Japanese Hop,

Reed Canary Grass

Colony size, Vegetation 

heigh

Sand river Reed, Japanese Chess
Colony size, Vegetation 

heigh

Gravel river
Amur Silver Grass,

Curvedutricle Sedge

Colony size, Vegetation 

heigh

Trained river
Korean Velvet Grass,

Korean Pennisetum

Main vegetation used to 

river restoration project

Table3.1Domesticrepresentativegrasses
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In order to select vegetation, species relatively easy to collect and appearing 

quite frequently in the river were first considered in representative vegetation 

corresponding to each river classification of Table 3.1. Common reed was 

already selected and considered. However, it was reconsidered as the 

experiment subject to examine the changing tendency of vegetative roughness 

depending on changes in experimental conditions and seasonal effects, and it 

was analyzed if the continuity and similarity of the results are shown when 

comparing the results based on the experiments.
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a)Korean Velvet Grass (Zoysia

matrella)

   

b)KoreanPennisetum(Pennisetum

alopecuroides(L.)Spreng.)

c)Reed(PhragmitescommnisTrin.) d)“Dal”(PhragmitesjaponicaSteud.)

e)AmurSilverGrass(Miscanthus

sacchariflorus(Maxim.)Benth.)

   

Figure3.2Selectedgrasses
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3.1.2 Trees (Shrubs)

In order to select experiment subjects for trees (shrubs), the trees on the 

domestic waterfronts and floodplains were investigated. According to 

investigations, the trees growing on the domestic waterfront areas were mostly 

found to be Salicaceae. In Salicaceae, Bigcatkin Willow (Salix gracilistyla 

Miq.) corresponds to shrubs in its size for the full growth cycle and 

“Seonbeodeul” (Salix subfragilis Andersson) and Korean Willow (Salix 

koreensis Andersson) were found to grow into shrubs in the early growth and 

shrubs close to tall-trees after mid-term growth. Korean Willow and 

“Seonbeodeul” does not show big differences from Bigcatkin Willow 

apparently, but more than certain differences in vegetation rigidity were 

expected from Bigcatkin Willow. If observed in the natural state, the branch 

flexibility of Korean Willow was found to be higher than that of Bigcatkin 

Willow or “Seonbeodeul”. Therefore, in order to determine whether there are 

differences in characteristics of species for vegetative roughness in trees, 

Korean Willow and “Seonbeodeul”  in the growth period were also selected as 

the target vegetation in addition to Bigcatkin Willow.
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Species Region Habitat Type

Maximum 

height

(m)

Maximum 

diameter

(cm)

Bigcatkin Willow

(Salix gracilistyla 

Miq.)

Whole 

country
Waterfront

Deciduous 

broadleaf 

shrubs

2~3 1~2

“Seonbeodeul”

(Salix subfragilis 

Andersson)

Northern 

and central 

part of the 

Korean 

peninsula

River 

channel

Deciduous 

broadleaf 

shrubs or 

small 

tall-trees

5~7 7~8

Korean Willow

(Salix koreensis 

Andersson)

Whole 

country
Waterfront

Deciduous 

broadleaf 

shrubs

20 80

Table3.2Characteristicsofselectedtrees
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a)BigcatkinWillow(Salixgracilistyla

Miq.)

b)“Seonbeodeul“(Salixsubfragilis

Andersson)

c)KoreanWillow(Salixkoreensis

Andersson)

Figure3.3Selectedtrees
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3.2 Dimensionless Parameters

In addition to the variable  considered in the  relationship, more 

dimensionless parameter are selected based on dimensional analysis to consider 

variation of flow conditions due to specification of vegetation and variation of 

vegetative flexural rigidity due to seasonal changes. When considering flow 

conditions, specifications and rigidity of vegetation, vegetative roughness 

coefficient  can be expressed as follows:

        (3.1)

All parameter in Eq. 3.1 are able to be described by three basic dimensions: 

length, mass, and time. The Buckingham Pi theorem states that number of 

dimensionless parameters obtained is nine. The repeating variable chosen to 

perform the dimensional analysis are mean velocity , density of water , 

depth . Determination of the dimensionless parameters results in the following 

quantities for .

  



 


 














        (3.2)

where  and  are defined as typical cross- and flow-wise distances between 

vegetative elements. Kouwen (1988) stated the inverse of the product of the 

last two terms of Eq. 3.2  reflects the stem density , and assumed  

as dimensionless parameter. In this study, stem density  has a dimension, but 



- 72 -

 is assumed as dimensionless parameter to calculate bulk flexural rigidity 

 following the assumption of Kouwen. A new dimensionless parameter 

can be derived by modifying dimensionless parameters from Eq. 3.2 as follows 

(Kouwen, 1988).


 



  
 






     (3.3)

Then, if Reynolds number   is multiplied by , it 

produces stem Reynolds number  . Considering those two 

variables and eliminating  ,  from Eq. 3.1 because  is already 

considered, including friction slope  to the roughness calculation, and 

eliminating Froude number   from Eq. 3.1 because flow condition 

is considered through  , the following simplified functional equation results:

       (3.4)

Therefore, The quantitative variations of  , , 
 in addition to 

 is investigated to suggest new relationship equation based on 

dimensionless parameters through experiments.
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3.3 Experiments with Grasses

3.3.1 Experimental Channel

Experimental channels used in this study are total 3 types (See Table 3.3). 

The first channel is 1.0 m in width, 18 m in length and both walls and 

channel bed were made of concrete. In the first channel, the experiment was 

carried out for Korean Velvet Grass (Zoysia matrella) and Korean Pennisetum 

(Pennisetum alopecuroides (L.) Spreng.) and common reed (Phragmites 

commnis Trin) in the dormant state. The second channel is 3.0 m in width, 30 

m in length and both walls and channel bed were also made of concrete. In 

the second channel, the experiment was conducted for Korean Pennisetum 

(Pennisetum alopecuroides (L.) Spreng.) and common reed (Phragmites 

commnis Trin.) corresponding to the green state of the early summer. The third 

channel is 2.0 m in width, 30 m in total length and both walls were made of 

glass to minimize roughness and the channel bed was made of concrete.  In 

the third channel, the length of the measurement interval was planned to be 

able to measure up to 20 m interval depending on the type of vegetation and 

channel and soil was laid in thickness of 20 cm or pebbles were put in 

concrete blocks to be able to plant vegetation. When performing the 

experiment, the river bed height was adjusted to have certain mild slope after 

planting vegetation. In the upstream of the measurement interval, a variety of 

vegetation was planted to create flow transition zone and target vegetation was 

planted in the interval after that and then, the experiment was carried out 

(Figures 3.4 and 3.5).



- 74 -

Experiment

Channels

Length

(m)

Width

(m)
Material Target Vegetation

Experiment 

time

Channel I 18 1.0
Mortar,

Concrete

Korean Velvet 

Grass

Korean Pennisetum

Reed

Oct.~Nov.

Channel II 30 3.0
Mortar,

Concrete

Pennisetum

Reed
May~Jun.

Channel III 30 2.0
Glass,

Concrete

“Dal”

Amur Silver Grass

Reed

Sep~Oct.

Table3.3Experimentchannelsforgrasses
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a) Plan view

1~3 m

Flow

2~3 m 16~27 m

Flow

Flow Transition Zone (Grass Mixture, etc)

Digital Point Gauge

Planted vegetation

b) Side view

Tailwater
gate

Digital Point Gauge

Figure3.4Conceptdiagramofexperimentchannel
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a)ChannelI

b)ChannelII

c)ChannelIII

Figure3.5Experimentchannelsforgrasses
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3.3.2 Measuring Equipments and Method

During experimental measurements, water levels were measured by using a 

point gauge with the accuracy of about 0.5 mm at intervals of 1.0 m and were 

also measured after adjusting flow quantity and downstream water level 

conditions depending on the experimental cases. Depending on changes in 

downstream water levels, experiments were carried out for submerged 

conditions and emergent conditions (Figure 3.6) and all experiments were 

conducted for subcritical flow conditions.

Mean velocity  was calculated by using experimental flow quantity  and 

cross section area , and used when calculating the total roughness coefficient 

and then,  and  were modified by considering blockage ratio  when 

assessing vegetative roughness coefficient .
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Fully submerged Just submerged Emergent

Flow

Figure3.6Variationofsubmergedconditionswithdepth
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3.3.3 Experimental Conditions and Roughness Calculation Method

In order to identify the characteristics of changes in roughness coefficients 

depending on vegetation for each target grasses, the experiment was carried out 

by changing flow quantities and the water level conditions of at downstream 

end (Table 3.4). In order to calculate the roughness of the target vegetation for 

each experimental condition, roughness for each measurement interval (length 

1.0~2.0 m) was calculated by using the following equation (Kirby et al, 2005). 






 

 



 
  









      (3.5)

where subscripts 1 and 2 mean upstream and downstream ends of each 

measurement interval. In addition,   and  . 

Roughness of the target vegetation was estimated by calculating an arithmetic 

mean of roughness calculated for each measurement interval about whole 

measurement reach

The total roughness was determined and then blockage ratio  was 

considered by equation 3.6. The blockage ratio is a ratio of the area not 

contributing to the actual flow to cross sectional area of the channel. if 

considering vegetation, it is defined as Eq. 3.6. Blockage ratio at this time can 

be said to be a type of roughness  for obstructions in Eq. 2.12. By 

deducting roughness  for obstructions and  for river bed from the total 

roughness , vegetative roughness coefficient  was determined.
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       (3.6)

        (3.7)

To investigate the effect of the dimensionless parameter , bulk 

flexural rigidity  was calculated by following equation suggested by 

Kouwen and Unny (1973).






 
 



       (3.8)

where  = deflected vegetation height. Deflected vegetation height at the 

maximum bending was considered to calculate  in this study.
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Target vegetation
Quantity

( )(m³/s)

Depth

()(cm)

Froude 

No.

Height

()(cm)

No. of 

Cases

Korean Velvet Grass 0.01～0.08 7.4～17.2 0.17～0.36 6～10 8

Korean 

Pennisetum

(I)

Dormant
0.02～0.10 20.8～32.1 0.05～0.27 35～45 26

(II)

Green
0.03~0.36 10.4~44.2 0.02~0.22 35～45 36

Reed

(I)

Dormant
0.02～0.10 20.5～41.1 0.04～0.26 70～80 26

(II)

Green
0.03~0.36 10.6~44.2 0.01~0.20 70～80 48

(III)

Green
0.05～0.35 40～80 0.02～0.32 75～90 57

“Dal” 0.10～0.45 35～75 0.04～0.24 65～75 42

Amur Silver Grass 0.05～0.35 40～80 0.02～0.34 65～80 65

Table3.4ExperimentConditions
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3.4 Experiments with Trees

3.4.1 Artificial Elements

3.4.1.1 Vegetation Model and Experimental Channel

Two kinds of circular cylinders were used in the experiment using artificial 

element. Detailed specifications are listed in Table 3.5. A channel with floor 

surfaces composed of acrylic and PVC as shown in Figure 3.7 (width 1.95 m, 

length 20 m, height 0.7 m) was used to assess resistance applied to the 

vegetation model. In order to form uniform flow, the experimental channels 

were fabricated by setting the slope to 0.005 and space of about 0.4 m height 

was set at the lower floor to install load cell. After installing load cell in the 

center of space at the bottom of the channel, the vegetation model was 

mounted on a device and then drag force was directly measured.

Type Height () (cm) Diameter ()(cm)

Circular Cylinder
30 3.25

30 6.5

Table3.5Specificationofartificialelement
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(a)UpstreamView

(b)DownstreamView

Figure3.7Experimentchannelfortrees
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3.4.1.2 Measuring Equipments and Method

Measuring Equipment used to measure drag force is 6-component drag force 

measuring equipment produced by Nissho Electronic Works of Japan and has 

specifications capable of measuring 3-axis force and 3-axis moment and 

acquiring data of more than 1,000 Hz. The measuring scope of this device is 

0～50 N in the case of -axis and -axis and 0~20 N in the case of -axis. 

If applying load cell to the experiment, drag force and lift force acting on 

vegetation can be measured at the same time. As shown in Figures 3.8 and 

Figure 3.9, load cell was installed in a way of being buried in a box structure 

with the double plastic floor in the center of the experimental channel. When 

performing this experiment, mean velocity was calculated by using cross 

section area  and flow quantity  considering the depth , but in order to 

identify the approaching velocity of the tree, it was measured at 0.5 point 

from the channel bottom at the point 20 cm away upstream position from 

vegetation stem by using Micro-ADV produced by Sontek. Micro-ADV can 

measure the point velocity of up to 50 Hz (Figure 3.7). 

The measurement procedure is as follows: steady flow conditions were stably 

formed, and then drag force acting on vegetation was measured by using load 

cell without Micro-ADV in order to eliminate the interference caused by the 

other instruments, and then Micro-ADV was installed at the shifter located at 

the top of the channel, and then approaching velocity was measured. If a water 

level needs to be determined exactly, an automatic point gauge was used to 

measure water level after drag force and velocity measurements were finished. 
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Point Gauge

Flow

Micro-ADV (Velocity)

Load cell(Drag Force)

Vegetation

Figure3.8Conceptdiagramofexperiment
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(a)SideView

(b)PlanView

Figure3.9Loadcell
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3.4.1.3 Experimental Conditions and Roughness Calculation Method

(1) Roughness Calculation Method

For each artificial vegetation, the experiment was carried out by varying the 

flow and depth conditions to identify the characteristics of roughness 

coefficient depending on shape and submergence conditions (Table 3.6). In 

order to calculate roughness coefficient of target artificial vegetation for each 

experimental condition, drag force  was measured by using load cell. After 

that, in order to calculate drag force coefficient  by using the measured 

drag force, frontal projected area  to the flow direction of experimental 

subject was first calculated by using the specifications of element. In the 

artificial vegetation experiment, approaching velocity for vegetation was 

assumed as mean velocity  and calculated as follows:

       (3.9)

 



    (3.10)

Experiments of circular cylinder are the experiments for single vegetation, 

and so Manning roughness coefficient  by each experimental condition was 

calculated as follows by Eq. 2.61 and  is assumed as the unit length.

  





    (3.11)

where roughness coefficient  for artificial vegetation was directly determined 
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as vegetative roughness coefficient  because it was calculated from drag 

force directly acting on vegetation and not affected by other roughness 

elements.

(2) Experimental Conditions

In order to carry out the fully submergence experiment targeting the  

simplified the stem portion of vegetation, a circular cylinder model 30 cm in 

height and 3.25 cm, 6.5 cm in diameter respectively was made, and drag force 

was measured depending on changes in depth and flow conditions. The 

experiment was conducted by setting the depth to ensure that it can be 

implemented in the submerged condition and emergent condition. In particular, 

submerged conditions were divided into two groups. The experiment was 

carried out by setting more than 40 cm of depth to the fully submerged 

condition (Figure 3.10), and setting depth 30 cm the same as the height of 

model vegetation to the just submerged condition. Full experimental conditions 

applied in the circular cylinder experiment including emergent conditions are 

listed in Table 3.6.
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Figure3.10Fullysubmergedcondition
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Case No.
Diameter

(cm)

Quantity

(m³/s)

Depth

(cm)

Velocity

(m/s)

Reynolds 

No.

CCA101 3.25 0.05 30.1 0.09 12245 

CCA102 3.25 0.10 30.1 0.17 24491 

CCA103 3.25 0.15 30.1 0.26 36736 

CCA104 3.25 0.20 30.1 0.34 48981 

CCA105 3.25 0.25 30.1 0.43 61226 

CCA106 3.25 0.30 30.1 0.51 73472 

CCA201 3.25 0.05 40.0 0.06 11364 

CCA202 3.25 0.10 40.0 0.13 22727 

CCA203 3.25 0.15 40.0 0.19 34091 

CCA204 3.25 0.20 40.0 0.26 45455 

CCA205 3.25 0.25 40.0 0.32 56818 

CCA206 3.25 0.30 40.0 0.38 68182 

CCB101 6.50 0.05 30.1 0.09 12245 

CCB102 6.50 0.10 30.1 0.17 24491 

CCB103 6.50 0.15 30.1 0.26 36736 

CCB104 6.50 0.20 30.1 0.34 48981 

CCB105 6.50 0.25 30.1 0.43 61226 

CCB106 6.50 0.30 30.1 0.51 73472 

CCB201 6.50 0.05 40.0 0.06 11364 

CCB202 6.50 0.10 40.0 0.13 22727 

CCB203 6.50 0.15 40.0 0.19 34091 

CCB204 6.50 0.20 40.0 0.26 45455 

CCB205 6.50 0.25 40.0 0.32 56818 

CCB206 6.50 0.30 40.0 0.38 68182 

Table3.6Experimentconditionsforcircularcylinder
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Case No.
Diameter

(cm)

Quantity

(m³/s)

Depth

(cm)

Velocity

(m/s)

Reynolds 

No.

CCC101 6.50 0.05 10.0 0.26 14535 

CCC102 6.50 0.15 10.0 0.77 43605 

CCC103 6.50 0.25 10.0 1.28 72674 

CCC201 6.50 0.05 20.0 0.13 13298 

CCC202 6.50 0.15 20.0 0.38 39894 

CCC203 6.50 0.25 20.0 0.64 66489 

CCC301 6.50 0.05 30.0 0.09 12255 

CCC302 6.50 0.15 30.0 0.26 36765 

CCC303 6.50 0.25 30.0 0.43 61275 

CCC401 6.50 0.05 40.0 0.06 11364 

CCC402 6.50 0.15 40.0 0.19 34091 

CCC403 6.50 0.25 40.0 0.32 56818 

CCC501 6.50 0.05 50.0 0.05 10593 

CCC502 6.50 0.15 50.0 0.15 31780 

CCC503 6.50 0.25 50.0 0.26 52966 

Table3.6Experimentconditionsforcircularcylinder(cont.)
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3.4.2 Experiment with Single Trees

3.4.2.1 Experimental Channel

For the flow resistance assessment experiment with single trees, the 

experimental channel used when testing artificial vegetation was used again. 

The slope of the experimental channel was also set to 0.005 and space of 

about 0.4 m in height was set at the lower bottom of the channel to install 

load cell. Like the artificial vegetation experiment, load cell was installed in 

the center of the channel bottom and selected vegetation stems were inserted to 

the load cell, and then drag force and approaching velocity were measured. As 

shown in Figures 3.11~3.13, the experiment was carried out by varying flow 

and depth conditions while replacing target vegetation.

3.4.2.2 Measuring Equipment and Method

Measuring Equipment used to measure drag force is 6-component drag force 

measuring equipment produced by Nissho Electronic Works of Japan and has 

specifications capable of measuring 3-axis force and 3-axis moment and 

acquiring data of more than 1,000 Hz. The measuring scope of this device is 

0～50 N in the case of -axis and -axis and 0~20 N in the case of -axis. 

If applying load cell to the experiment, drag force and lift force acting on 

vegetation can be measured at the same time. As shown in Figures 3.9 and 

Figure 3.14, load cell was installed in a way of being buried in a box structure 

with the double plastic floor in the center of the experimental channel. When 

performing this experiment, mean velocity was calculated by using cross 

section area  and flow quantity  considering the depth , but in order to 

identify the approaching velocity of the tree, the approaching velocities 
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between 0.2~0.9 was measured at 50 Hz with the variation of depth at the 

point 52 cm away upstream position from vegetation stem by using 

Micro-ADV produced by Sontek. The measurement procedure is as follows: 

steady flow conditions were stably formed and then drag force acting on 

vegetation was measured first by using load cell in order to eliminate the 

interference caused by the other instruments and then, Micro-ADV was 

installed at the kiln car located at the top of the channel and then, approach 

velocity was measured.
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Figure3.11ExperimentswithBigcatkinWillow
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Figure3.12Experimentswith“Seonbeodeul”
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Figure3.13ExperimentswithKoreanWillow
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Flow

MicroADV (Velocity)

Load cell (Drag Force)

Single Tree

Figure3.14Conceptdiagramofexperiment
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3.4.2.3 Experimental Conditions and Roughness Calculation Method

The experiment was carried out for total 75 experimental conditions 

regarding three kinds of shrubs by changing flow quantity and water level 

conditions at the upstream of the vegetation (Table 3.7~3.9). In this 

experiment, the height of the channel is relatively limited (up to 70 cm) and 

only a some part of canopy can be submerged to implement submergence 

conditions for targe vegetation, and so it is difficult to clearly determine drag 

force change depending on changes in biomass in vegetation, and therefore the 

experiment was performed as follows only for the emergent condition except 

for submergence conditions.

Like the artificial vegetation experiment, in order to calculate roughness 

coefficient of target vegetation for each experimental condition, drag force   

was measured by using load cell. In order to calculate drag force coefficient 

 by using the measured drag force, frontal projected area  to the flow 

direction of experimental subject was calculated by considering stems and 

leaves based on vegetation with no flow condition. Approaching velocity  

was calculated by using the vertical velocity distribution measured in the front 

part of vegetation with Micro-ADV. After determining the value of each 

factor, drag force coefficient was calculated as follows:

 



    (3.12)

Because experiments with single trees are the experiments for single 

vegetation, and so Manning roughness coefficient  by each experimental 
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condition was calculated as follows by Eq. 2.61 and  and  are assumed as 

the width of the canopy.

     (3.13)

  





    (3.14)

where  = width of canopy. roughness coefficient  for a single tree was 

directly determined as vegetative roughness coefficient  because it was 

calculated from drag force directly acting on vegetation and not affected by 

other roughness elements.



- 100 -

Cases
Quantity 

(m³/s)

Depth 

(cm) 

Velocity 

(m/s)

SG101 0.10 20 0.256

SG102 0.10 30 0.171

SG103 0.10 40 0.128

SG104 0.10 50 0.103

SG105 0.10 60 0.085

SG201 0.15 20 0.385

SG202 0.15 30 0.256

SG203 0.15 40 0.192

SG204 0.15 50 0.154

SG205 0.15 60 0.128

SG301 0.20 20 0.513

SG302 0.20 30 0.342

SG303 0.20 40 0.256

SG304 0.20 50 0.205

SG305 0.20 60 0.171

SG401 0.25 20 0.641

SG402 0.25 30 0.427

SG403 0.25 40 0.321

SG404 0.25 50 0.256

SG405 0.25 60 0.214

SG501 0.30 20 0.769

SG502 0.30 30 0.513

SG503 0.30 40 0.385

SG504 0.30 50 0.308

SG505 0.30 60 0.256

Table3.7ExperimentalconditionsforBigcatkinWillow
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Cases
Quantity 

(m³/s)

Depth 

(cm) 

Velocity 

(m/s)

SS101 0.10 20 0.256

SS102 0.10 30 0.171

SS103 0.10 40 0.128

SS104 0.10 50 0.103

SS105 0.10 60 0.085

SS201 0.15 20 0.385

SS202 0.15 30 0.256

SS203 0.15 40 0.192

SS204 0.15 50 0.154

SS205 0.15 60 0.128

SS301 0.20 20 0.513

SS302 0.20 30 0.342

SS303 0.20 40 0.256

SS304 0.20 50 0.205

SS305 0.20 60 0.171

SS401 0.25 20 0.641

SS402 0.25 30 0.427

SS403 0.25 40 0.321

SS404 0.25 50 0.256

SS405 0.25 60 0.214

SS501 0.30 20 0.769

SS502 0.30 30 0.513

SS503 0.30 40 0.385

SS504 0.30 50 0.308

SS505 0.30 60 0.256

Table3.8Experimentalconditionsfor“Seonbeodeul”
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Cases
Quantity 

(m³/s)

Depth 

(cm) 

Velocity 

(m/s)

SK101 0.10 20 0.256

SK102 0.10 30 0.171

SK103 0.10 40 0.128

SK104 0.10 50 0.103

SK105 0.10 60 0.085

SK201 0.15 20 0.385

SK202 0.15 30 0.256

SK203 0.15 40 0.192

SK204 0.15 50 0.154

SK205 0.15 60 0.128

SK301 0.20 20 0.513

SK302 0.20 30 0.342

SK303 0.20 40 0.256

SK304 0.20 50 0.205

SK305 0.20 60 0.171

SK401 0.25 20 0.641

SK402 0.25 30 0.427

SK403 0.25 40 0.321

SK404 0.25 50 0.256

SK405 0.25 60 0.214

SK501 0.30 20 0.769

SK502 0.30 30 0.513

SK503 0.30 40 0.385

SK504 0.30 50 0.308

SK505 0.30 60 0.256

Table3.9ExperimentalconditionsforKoreanWillow



- 103 -

3.4.3 Semi-real Scale Vegetation Experiment

Assessment of flow resistance by actual shrubs can be largely divided into 

two types. The first is to assess flow resistance through the experiment for 

branches making up the canopy of shrubs or small shrubs in indoor 

experimental channel, and the second is to assess flow resistance for the entire 

vegetation regarding semi-real flow. The experiment targeting the entire 

vegetation presupposes the state actually planted in the soil, and in this case, 

the fixed state for the channel bed or rooted condition of vegetation is 

important so the experiment was performed in the state of planting vegetation 

in the actual channel. If performing the experiment by actually using whole 

shrubs, the uncertainty of the experiment increases compared to the indoor 

experiment but flow resistance is assessed by implementing flow close to 

semi-real conditions and measuring drag force acting on actual trees, and 

calculating drag force acting on vegetation more quantitatively and realistically. 

Changes in drag force inside the vegetative group are also identified through 

the experiments.

3.4.3.1 Single Group

(1) Experimental Channel

In order to minimize drag force acting on shrubs when planting them inside 

the river or channel, it is generally known to be the best to plant them in a 

line to the flow direction. However, this study is to review changes in drag 

force and flow resistance inside and outside of the complex vegetative group, 

so if planting vegetation in a line, the drag force measurement was expected to 

be difficult because the effect of drag force acting on the vegetative group is 
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minimized. Therefore, in order to maximize flow resistance for the experiment 

subject Bigcatkin Willow as much as possible, it was planted in the staggered 

arrangement. A reach where flow disturbance due to curvature is relatively 

minimal was set as the tree planting section and trees were planted for the 

section of total 40 m in A1 Channel of Andong River Experimental Center.

Bigcatkin Willow was planted in a river bed and in order to ensure the 

homogeneity depending on the water level change of the vegetative group, 

nothing was planted on the slopes of the channel. Also, in order to ensure a 

rooted condition of vegetation, the rooted period was set for 1 year for planted 

Bigcatkin Willow (Figure 3.15). It is stably rooted when planted before winter 

and then the winter passes, so it was planted in the fall a year before carrying 

out the experiment. In a separate place, its seedlings about 1 m tall were 

planted in the staggered array at intervals of 0.3 m in both longitudinal and 

transverse direction. The experiment was conducted when leaves are in full 

bloom in early fall of the following year when 1 year passed after planting 

(Figure 3.16).
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(a)1yearbefore

(b)beforeexperiment

Figure3.15GrowthstatesofBigcatkinWillow
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(a)Frontofthevegetationgroup

(b)Middlepointofthevegetationgroup

Figure3.16Experimentforjustsubmergedconditions
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(2) Measuring Equipment and Method

In order to identify changes in drag force depending on position change 

inside the planted tree group, the measurement was carried out by installing 

load cell along the center of the vegetative group. Changes in drag force 

depending on the position are also related to the flow delay and backwater 

effects inside the tree group, and hence measuring positions were selected as 

shown in Figure 3.17. The interval of each measuring point was composed of 

5 m and was planned to measure up to 6 points. 

Drag force was measured with 1-component drag force measuring equipment 

produced by Nissho Electronic Works of Japan and the measuring scope is 

±1,000 N. Up to 50 times of drag force can be measured in a second. The 

drag force measuring device was buried on the floor of a river bed and in 

order to minimize roughness changes of the river bed, rubbles and crushed 

stones were laid at the top of drag force measuring device (Figure 3.18). The 

vertical velocity distribution at the center point of the front of the vegetative 

group was measured by using Micro-ADV of Sontek that can measure 50 

times per second. Also, in order to identify changes in transverse velocity 

distribution of the channel in the front of the vegetative group, measurement 

was conducted by using StreamPRO that can measure vertical velocity 

distribution at the same time. Both Mirco-ADV and StreamPro measured the 

velocity at the point 1.0 m upstream away from the front of the vegetative 

group (Figure 3.19).
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Figure3.17Measuringlocationsofdragforce
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(a)Frontofthevegetationgroup

(b)Middlepointofthevegetationgroup

Figure3.18Installofloadcell
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(a)MicroADV

(b)StreamPRO

Figure3.19Measurementofvelocitydistribution
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3.4.3.2. Staggered Group

(1) Experimental Channel

Staggered group planting section was also located at a reach where flow 

disturbance due to curvature is relatively minimal and trees were planted for 

the section of total 40 m in A1 Channel of Andong River Experimental 

Center. In order to increase the vegetation complexity of complex vegetative 

group, Korean Willows and “Seonbeodeul” were mixed and planted in the 

river bed. Nothing was planted except each section of vegetation group. Each 

seedling was planted alternately at intervals of 0.1 m in both longitudinal and 

transverse direction. Also, in order to ensure a rooted condition of vegetation, 

6 months of the rooted period was set for planted trees (Figure 3.20). 

(2) Measuring Equipment and Method

In order to identify changes in drag force depending on position change in 

the upstream and downstream of the planted tree group, the measurement was 

carried out by installing load cell at upstream end and downstream end of 

group No. 1 and No. 2 (Figure 3.21). For group No. 1 and No. 2, the 

measurement was carried out for a total of 4 points. Drag force was measured 

with 1-component drag force measuring device produced by Nissho Electronic 

Works of Japan and the measuring scope is ±1,000 N. Up to 50 times of drag 

force can be measured in a second. The drag force measuring device was 

buried on the river bed and in order to minimize roughness changes of the 

river bed, sand was laid at the top of drag force measuring equipment. In 

order to identify the transverse velocity distribution change of the channel at 

upstream end and downstream end of the vegetative group, the measurement 
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was carried by using StreamPRO that can measure vertical velocity distribution 

at the same time. Velocity was measured at the point 0.3 m away from 

vegetative group at both upstream and downstream ends.
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Figure3.20Staggeredvegetationgroup
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Figure3.21Measuringlocationsofdragforceforstaggeredgroup
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(3) Experimental Conditions

The experiment was carried out for a total of eight conditions by changing 

flow conditions (Table 3.10). Due to the nature of the semi-real experimental 

channel, a water level cannot be changed by using a separate device and was 

determined depending on upstream flow conditions. Water levels are also 

determined depending on the experimental flow, so whether vegetation is 

submerged was determined depending on the flow condition. Andong 

Experimental Channel is close to semi-real and experimental flow is 

determined by the combination of inflow pumps. However, river bed materials 

of the experimental channel are mostly composed of sand, and therefore, the 

actual flow quantity in the experimental channel is determined depending on 

changes in saturation rate of bed material before and after the experiment, 

groundwater level of around the experiment channel. This study measured the 

flow and velocity distribution by using StreamPRO in order to reduce the 

uncertainty of the experimental flow. Averaged the flow measured by 

StreamPRO at the upstream and downstream of the target vegetation group. 

This flow quantity is selected as the representative flow quantity.
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Case No.
Quantity

(m³/s)

Upstream depth

(cm)

Upstream 

cross-sectional area

(m²)

SGG101 0.97 45 2.3

SGG102 1.34 56 2.8

SGG103 1.97 70 3.5

SGG104 2.41 75 3.8

SGG201 0.97 49 2.3

SGG202 1.23 56 2.7

SGG203 1.86 67 3.1

SGG204 2.35 74 3.8

Table3.10Experimentalconditionsforstaggeredgroup
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4. Analysis of Experimental Results for Grasses

4.1 Korean Velvet Grass (Zoysia matrella) 

The experiment for Korean Velvet Grass was carried out only for fully 

submerged conditions because the height of vegetation is relatively short about 

6~8 cm, rather stiff and completely submerged in water in the general flow 

conditions. The results of the experiment conducted for Korean Velvet Grass 

were shown in Figure 4.1 Figure 4.1 shows the typical  curve that 

roughness coefficient  decreases as  increases. The resulting equation for 

total roughness of Korean Velvet Grass is as follows:

 ,        (4.1)

If  is large enough, roughness coefficient  appears to be converged to 

0.027 and total roughness of Korean Velvet Grass is very similar to the figure 

presented by Chow (1959) for short grasses growing in the floodplain. These 

results mean that relatively short grasses showed similar results regardless of 

the type of vegetation though the range of relative depth  is 1.3~3.1. If 

considering blockage effect to Eq. 4.1 and excluding bed roughness of the 

channel, the relation equation for net vegetative roughness  is as follows 

(Figure 4.1 (b)).

 , 
       (4.2)
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In this case, if  is large enough, the converged value of Eq. 4.2 is 

similar to is similar to roughness coefficient corresponding to vegetation 

classification "small" presented by USGS. 

Based on the result of Korean Velvet Grass, multiple regression analysis was 

carried out for dimensionless parameters  , , and  derived 

through dimensional analysis in Chapter 3. However, an evaluation equation 

was not derived through multiple regression analysis because variance inflation 

factor (VIF) which is the index representing multicollinearity between 

independent variables, is about between minimum 25 and maximum 760 

because it indicates large multicollinearity. Instead, variation of roughness 

coefficients for stem Reynolds number   and  was shown in 

Figure 4.2.
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4.2 Korean Pennisetum (Pennisetum alopecuroides (L.) Spreng.) 

The experimental results for Korean Pennisetum were shown in Figure 4.3 

by classifying them into “dormant state” and “green state” in the form of 

 curve. The experiment for Korean Pennisetum was conducted by 

implementing fully submerged and just submerged conditions depending on 

water level conditions at downstream end. As shown in the figure, there seems 

to be a strong correlation at  , and results were scattered because 

fully submerged or just submerged conditions are implemented depending on 

the degree of vegetation bending at . These results are considered to 

mean that limited variation is shown depending on the depth in the case of 

mid-sized vegetation such as Korean Pennisetum at . If analyzing 

the experimental results in the same way as Korean Velvet Grass, and 

considering the blockage effect, and removing the roughness of the channel 

from the total roughness, the relation equation for net vegetative roughness  

of Korean Pennisetum is as follows.

 , 
 (dormant state)       (4.3)

 , 
 (green state)       (4.4)

This is also, if  is large enough, similar to roughness coefficients 

corresponding to vegetation classification “medium” presented by USGS.
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The above-mentioned “dormant state” and “green state” mean changes in the 

characteristics of vegetation depending on seasonal changes. These changes in 

the appearance and characteristics of vegetation show changes in vegetation 

rigidity. In relation to vegetative roughness , changes in flow conditions are 

reflected in   and ,  and specifications of vegetation are also 

reflected in   and , , and rigidity characteristics of vegetation 

depending on seasonal changes are reflected in dimensionless parameter 

. Therefore, unlike previously proposed  relation equation, it 

is possible to present a relation equation without analyzing by dividing it into 

“dormant state” and “green state”. As presented in Chapter 2,  

relationship actually means  relationship and means a correlation 

between flow conditions and roughness coefficients. As can be seen in Eqs. 

4.5 and 4.6 those are presented through multiple regression analysis, using 

stem Reynolds number  which combines flow conditions and vegetation 

conditions is more appropriate to evaluate vegetative roughness  compared to 

 that means only flow conditions.

 




 
 ,        (4.5)

 




 
 ,         (4.6)

Eqs. 4.7 and 4.8 are relation equations as a log-linear relationship through 

multiple regression analysis. It also turned out that using stem Reynolds 
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number   is more appropriate.

 
 




 



 



,        (4.7)

 
 




 



 



,        (4.8)

Changes in roughness coefficients of Korean Pennisetum for stem Reynolds 

number   and  are shown in Figures 4.4 and 4.5. The 

representative values of   for Korean Pennisetum proposed by this study 

are as shown in Table 4.1.

dormant state green state

 0.0013 0.0017

Table4.1MEIvalueforKoreanPennisetum
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4.3 Reed (Phragmites communis Trin.)

Total three times of experiments were carried out in consideration of the 

experimental channel and seasonal time in order to analyze if the continuity 

and similarity of results appear even when flow conditions and vegetation 

conditions are varied depending on seasonal changes or changes in the physical 

environments. It is also importantly considered that common reed is the 

representative vegetation in the sand river.

Since the growth state of common reeds vary depending on the season, the 

experiment was carried out by selecting almost dormant ones in late fall 

(dormant state; early November) as the first, and green ones corresponding to 

early growth state of the early summer (green state; late June) as the second 

in order to analyze changes in roughness coefficients depending on the 

characteristic changes of vegetation. To compare with these results, the 3rd 

experiment was carried out by selecting reeds that have reached the end of 

their growth period (green state; mid-September). Although the height of 

vegetation was generally constant, it was relatively diverse due to local 

differences in the growth conditions as presented in the experimental 

conditions (Table 3.4). The experiment on reeds was also carried out by 

changing flow and water level at the downstream end conditions in order to 

implement a wide range of flow conditions.

At first, like Korean Pennisetum, changes in roughness coefficients 

depending on seasonal changes were reviewed based on  relationship 

by dividing them into “dormant state” and “green state”. The 1st experiment 

corresponds to the "dormant state" and 2nd and 3rd experiments correspond to 

“green state”. For “dormant state”, the vegetative roughness relation equation is 
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as follows (Figure 4.6):

 , 
       (4.9)

In the case of “dormant state”, it was possible to present a single relation 

equation because the effect of relative depth  was not noticeable, so the 

values of roughness coefficients evaluated in  begin to be 

converged.

The results of 2nd experiment for common reeds are shown in Figure 4.7. 

As shown in the figure, reeds in the “green state” shows different trends with 

relative depths  strongly influenced by the depth when expressed as 

 relationships. This is because if the depth is low and the magnitude of 

mean velocity is small, vegetation is less bent so emergent conditions are 

implemented, but if the depth is increasingly higher and velocity increases, 

vegetation is bent a lot so just submerged conditions or fully submerged 

conditions are implemented depending on the depth. 

In the figure 4.7, “uncontrolled” results corresponds to unadjusted water 

levels at the downstream end were shown together to compare the changing 

trend of roughness coefficients because the depth continues to change with 

flow quantities. For the results of 2nd experiment, if only single equation is 

proposed based on  relationship, the vegetative roughness relation 

equation is as follows:

 , 
     (4.10)
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Eq. 4.10 as a single relation equation based on  relationship is 

inappropriate because coefficient of determination  is small. If classifying 

the results of the 2nd experiment for reeds by relative depth, the relation 

equations for net vegetative roughness  for reeds can be presented as 

follows: 

 
,  for       (4.11)

 
,  for       (4.12)

 
,  for       (4.13)

As shown in Figure 4.7, if  is small, the scatter of evaluated roughness 

coefficients depending on relative depth  appeared to be very large. 

Evaluated roughness coefficients begin to be asymptotic each other in 

 , but the effect of the relative depth can be explained more 

clearly if the relation equations are drawn for the each relative depth . 

Therefore, it is inappropriate that the experimental results would be presented 

in single relationship based on  relationship not considering effect of 

.

In the case of the 3rd experiment for reeds, the rigidity of vegetation that 

have reached the end of their growth period is the largest most of all. 

Flexibility of vegetation is still relatively high. Emergent conditions were 

hardly shown in water level corresponding to the experimental range except 

when the velocity is very small (Figure 4.8). Before starting the experiment, 

some of vegetation was exposed out of water in some cases, but as the 
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velocity increases and vegetation is bent, it was fully submerged in the water. 

Therefore, all parts of vegetation were considered to have contributed to flow 

resistance in the current experimental range and were reviewed after evaluating 

roughness coefficients without dividing submergence conditions depending on 

water level conditions.

The results of the 3rd experiment were also strongly influenced by the depth 

so it was found that each relative depth  represents a different trend based 

on  relationship. This is also because the degree of vegetation bending 

changes depending on submergence conditions and velocity. Single relation 

equation based on  relationship is also inappropriate because coefficient 

of determination  is small (Eq. 4.14) like 2nd experimental results. By 

classifying experiment results into each relative depth , relation equations 

for net vegetative roughness  are as follows (Figure 4.8):

 , 
     (4.14)

 , 
 for       (4.15)

 , 
 for       (4.16)

 , 
 for       (4.17)

 , 
 for       (4.18)

 , 
 for       (4.19)

As shown in the figure, if  is small, the scatter of evaluated roughness 

coefficients depending on relative depth  appeared to be very large. They 

begin to converge to an asymptotic value each other at around .
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Reeds can be considered to correspond to “small” and “medium”, vegetation 

classification presented by USGS if determining by summarizing the above 

equations presented based on  relationship.

Comparing Figures 4.7 and 4.8, evaluated roughness coefficient is small 

when relative depth  is small in Figure 4.7, while evaluated roughness 

coefficient is small when relative depth  is large in Figure 4.8. This 

discrepancy is due to the difference in submerged conditions implemented in 

each experimental channel because the 2nd experiment was carried out in the 

smaller range than 3rd experiment. Emergent conditions were implemented in 

the early stage of the experiment and changed into fully submerged conditions 

in the case of 2nd experiment, however emergent conditions were not 

implemented and only just submerged conditions were shown in early stage of 

the experiment and changed into fully submerged conditions in the case of 3rd 

experiment.

Roughness coefficients increase as the depth increases because vegetation is 

not bent a lot and emergent conditions are implemented and only the stem part 

of the vegetation contributes to flow resistance when the depth is low. Then, 

roughness coefficients get larger because leaves start to contribute to flow 

resistance when water surface rises to the leaf part of vegetation. Also, if the 

water level increases more than the leaf part and implements fully submerged 

conditions, roughness coefficients decrease relatively because the ratio of 

vegetation contributing to flow resistance for the total flow area decreases 

gradually. In the case of grasses such as reeds, the rigidity of vegetation is 

low. If flexibility increases, vegetation is easily bent and the entire vegetation 

is submerged in the water in more than certain depth and, from the early stage 
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of velocity increase, contributing to flow resistance. If the depth is low, the 

unit biomass of the vertical direction increases and therefore, the magnitude of 

an increase in roughness coefficients gets larger. This result is consistent with 

previous findings that strong shear layer occurs at the top of the vegetative 

layer submerged with depth increasing and changes in vegetation resistance 

depending on the depth are due to vertical biomass distribution (Nepf and 

Vivoni, 2000; Wilson et al., 2003; Defina and Bixio, 2005). 

Like Korean Pennisetum, “dormant state” and “green state” mean changes in 

the characteristics of vegetation depending on seasonal changes. As reviewed at 

the above section, actual applying time cannot be determined exactly if the 

relation equations are drawn to each growth state, and the group of relation 

equations drawn for the relative depths has low practical applicability. Rigidity 

characteristics of vegetation depending on seasonal changes are reflected in 

dimensionless parameter . Unlike  relation equations present 

in the above, reeds can be also presented as one relation equation without 

analyzing by diving it into “dormant state” and “green state”. The relation 

equations are drawn by using dimensionless parameters , ,  and 

 were presented in Eqs. 4.20 and 4.21.

 




 
 ,      (4.20)

 




 
 ,       (4.21)
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It can be also seen that using stem Reynolds number   which combines 

flow conditions and vegetation conditions is more appropriate to evaluate 

vegetative roughness  of common reeds compared to  that means flow 

conditions like Korean Pennisetum. Eqs. 4.22 and 4.23 are relation equations 

as a log-linear relationship through multiple regression analysis and using  

stem Reynolds number   was found to be more appropriate.

 
 




 



 



,       (4.22)

 
 




 



 



,       (4.23)

Changes in roughness coefficients for reeds for stem Reynolds number   

and  are shown in Figures 4.9~4.11. The representative values of 

  for reed proposed by this study are as shown in Table 4.2.

dormant state green state(2nd exp.) green state(3rd exp)

 0.0064 0.0087 0.0191

Table4.2MEIvalueforCommonReed
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4.4 “Dal” (Phragmites japonica Steud.)

Fully matured “Dal” about 70 cm in total length were planted in all 

measurement sections for the experiment and experimental measurements were 

performed. In order to implement various  conditions, the experiment was 

carried out by changing flow and downstream-end water level conditions. 

Depending on water level conditions, the submerged conditions of vegetation 

were changed from fully submerged conditions to emergent conditions, but all 

parts of vegetation were considered to contribute to flow resistance in most 

cases because the top of vegetation was maintained in close to the water 

surface (close to just submerged conditions) as velocity increased in the case 

of emergent conditions. Therefore, when evaluating roughness coefficients, 

fully submerged conditions and emergent conditions were reviewed without 

dividing them separately.

“Dal” also showed different trends depending on relative depth  like 

reeds. In addition, evaluated roughness coefficients values increased as relative 

depth got smaller like the 3rd experiment for reeds. Single relation equation 

based on  relationship is also inappropriate because coefficient of 

determination  is small (Eq. 4.24). By classifying experiment results into 

each relative depth , relation equations for net vegetative roughness  are 

as follows (Figure 4.12):

 , 
     (4.24)

 , 
 for       (4.25)

 , 
 for       (4.26)
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 , 
 for       (4.27)

 , 
 for       (4.28)

 , 
 for       (4.29)

Comparing the experimental results for “Dal” with those for reeds, they were 

found to converge to a somewhat large value. “Dal” is vegetation observed 

mainly on waterfronts like reed in river vegetation and was expected to have 

similar values to reed because its shape is similar. It is supposed that greater 

roughness coefficient values have been evaluated due to the difference in 

vegetation rigidity. Although seasonal changes were not considered as in 

Korean Pennisetum and reed, relation equations are drawn by using derived 

dimensionless parameters  , , and  were presented in Eqs. 

4.30 and 4.31.

 




 
 ,      (4.30)

 




 
 ,       (4.31)

In the case of “Dal”, both stem Reynolds number   and  turned out 

to be appropriate to evaluate vegetative roughness . Eqs. 4.32 and 4.33 are 

relation equations as a log-linear relationship through multiple regression 

analysis and both   and  was also found to be appropriate.
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,      (4.32)

 
 




 



 



,      (4.33)

Changes in roughness coefficients for “Dal” for stem Reynolds number   

and  are shown in Figure 4.13. The representative value of   for 

“Dal” proposed by this study is 0.0566.
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4.5 Amur Silver Grass (Miscanthus sacchariflorus (Maxim.) Benth.)

The experimental measurement was carried out by planting Amur Silver 

Grasses that have reached the end of their growth period in all measurement 

sections. Although the height of vegetation was generally constant, it was 

relatively diverse due to local differences in the growth conditions as presented 

in the experimental conditions (Table 3.4). In order to implement various  

conditions, the experiment on Amur Silver Grass was also carried out by 

changing flow and downstream-end water level conditions. In the case of 

Amur Silver Grass, the flexibility of vegetation is relatively high, and hence 

emergent conditions were hardly shown except no flow condition 

corresponding to the experimental range of depth. Before starting the 

experiment, some of vegetation was exposed out of water in some cases, but 

as the velocity increases and vegetation is bent, it was fully submerged in the 

water. Therefore, all parts of vegetation were considered to contribute to flow 

resistance under the current experimental conditions.

Amur Silver Grass also showed different trends depending on relative depth 

 like reeds. In addition, evaluated roughness coefficients values increased 

as relative depth got smaller. Single relation equation based on  

relationship is also inappropriate because coefficient of determination  is 

small (Eq. 4.34). By classifying experiment results into each relative depth 

, relation equations for net vegetative roughness  are as follows (Figure 

4.14):

 , 
     (4.34)

 , 
 for       (4.35)
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 , 
 for       (4.36)

 , 
 for       (4.37)

 , 
 for       (4.38)

 , 
 for       (4.39)

As shown in Figure 4.14, in the case of Amur Silver Grass, if  is small, 

the scatter of evaluated roughness coefficients appears very large because the 

difference in water levels at upstream- and downstream ends is not significant. 

Amur Silver Grass also shows different trends depending on relative depth 

. The estimated relation equations appear to be divided into two groups at 

, but experimental results are shown to begin to converge near here.

Although seasonal changes were not considered too, relation equations are 

drawn by using derived dimensionless parameters  , , and  

were presented in Eqs. 4.40 and 4.41.

 




 
 ,      (4.40)

 




 
 ,       (4.41)

In the case of Amur Silver Grass,  turned out to be more appropriate to 

evaluate vegetative roughness  than   unlike other results. Eqs. 4.42 and 

4.43 are relation equations as a log-linear relationship through multiple 

regression analysis and both   and  was also found to be appropriate.
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,      (4.42)

 
 




 



 



,       (4.43)

Changes in roughness coefficients for Amur Silver Grass for stem Reynolds 

number   and  are shown in Figure 4.15. The representative value 

of   for “Dal” proposed by this study is 0.0208.
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4.6 Summary

This study selected 5 kinds of grass vegetation typically found in domestic 

rivers depending on inhabitation positions within the river channel and 

reviewed changes in roughness coefficients depending on various hydraulic 

conditions based on  relationship and then developed new evaluation 

equations by using  , , and . According to the results of 

review,  relation equation used a lot in previous studies was found to 

be not enough to express the effect of relative roughness (or relative depth) 

 means relative changes in vegetation height and depth and changes in 

vegetation rigidity depending on seasons into a single relation equation. In 

order to present a new relation equation that can make up for these 

shortcomings, stem Reynolds number  , , and  which are 

dimensionless parameters were selected as key parameters for evaluating 

vegetative roughness  through the dimensional analysis. 

In the 5 kinds of grass vegetation reviewed in this study, unlike other 

vegetation, Korean Velvet Grass was found to be able to express the 

characteristics of vegetative roughness based on  relationship. Also, if

 is large enough, total roughness converges to 0.027, so it showed the 

results of representing the type of short and rather stiff vegetation, which is 

very similar to the value presented by Chow(1959) for short grasses growing 

in floodplain.

Korean Pennisetum and reed showed different characteristics of vegetative 

roughness depending on seasonal changes. The variation characteristics of 

roughness coefficients depending on these changes were reflected through 
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dimensionless parameter  and according to the results of review, stem 

Reynolds number   turned out to be more appropriate for calculating 

roughness coefficients than . On the other hand, in the case of Amur Silver 

Grass,  was found to be more appropriate than  but when 

comprehensively reviewing equations presented for each vegetation in the 

results of this study, the equations presented by using dimensionless parameters 

 , , 
 based on a log-linear relationship is considered to be 

appropriate for explaining roughness coefficients of grass vegetation. Therefore, 

this study developed new evaluation equations by comprehensively reviewing 

selected dimensionless parameters and it is considered to be able to replace 

 relationship conventionally used. The evaluation equations developed 

for individual vegetation were summarized and presented in Table 4.3.

In the United States, total roughness considering vegetation is to be 

determined based on USSCS evaluation method for dense vegetated areas or 

vegetative roughness coefficient  is to be determined according to USGS 

guidelines for evaluating roughness coefficients by dividing them by each 

roughness element. However, vegetation classification is generally presented 

based on the river channel environment of the US and most species presented 

are not found well in Korea and Cowan also presented only rough guideline 

values. Therefore, it is considered to be difficult to directly select and apply 

them when designing Korean rivers. In the Japan, a selecting table for 

roughness coefficients is also presented depending on relative depth, height of 

vegetation but it is also considered difficult to apply them directly to Korea 

because the empirical determination of the river designer is required.
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Target 

Vegetation
Evaluation equation  

Korean 

Velvet Grass
  0.97

Korean 

Pennisetum
 

 



 



 



0.80

Reed  
 




 



 



0.76

“Dal”  
 




 



 



0.99

Amur Silver 

Grass
 

 



 



 



0.90

Table4.3Roughnessevaluationequationforeachtargetgrass
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Therefore, in the case of Korea, this study proposes to evaluate roughness 

coefficients depending on flow conditions, vegetation specifications, and 

species characteristics by each vegetation according to the evaluation equation 

of roughness coefficients by presented each vegetation and calculate complex 

roughness coefficients as in Eq. 4.44 depending on the area by each 

vegetation, and choose roughness coefficients from guideline presented in 

foreign materials based on them. 

      (4.44)

In Figures 4.16 and 4.17, the applicability of the relation equation developed 

when  is changed was reviewed for reeds. Figure 4.16 shows that 

even if relative depth  changes,  converges to the same range while   

increases, and Figure 4.17 shows that if relative roughness  ,  is to 

be constant in the same  . As a result, the relation equations developed in 

this study are determined to be applicable to actual river conditions.

Based on the results of the review on reed, if  changes, the 

variation tendency of the relation equation by each vegetation depending on an 

increase in   is compared in Figure 4.18. For comparison, it is assumed 

 . According to the results of comparison, vegetative roughness  by 

each vegetation tended to converge to a constant value as   increases. The 

size of roughness coefficients evaluated by each relation equation appeared in 

the order of “Dal”, Korean Pennisetum, reed, Amur Silver Grass in the 

beginning but “Dal” and Korean Pennisetum were reversed as   increases 
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so the magnitude of roughness coefficients appeared in the order of Korean 

Pennisetum, “Dal”, reed, Amur Silver Grass. This roughness reversal tendency 

between vegetation was found to appear at an early stage as  is 

greater. These results are considered to be because, if the bulk rigidity of 

vegetation is assumed to be the same, the contribution of individual vegetation 

to flow resistance is great if   is small, but the clustered characteristics of 

vegetation group for flow resistance are strongly reflected as   increases. In 

this study, the roughness reversal phenomenon of “Dal” and Korean 

Pennisetum is considered to be because, as the flow is faster, the effect of the 

size of foliage on flow becomes greater by Korean Pennisetum than “Dal”.
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5. Analysis of Experimental Results for Trees

5.1 Artificial Vegetation

The purpose of the artificial vegetation experiment using a circular cylinder 

is to investigate the effect of the height and diameter of a stem on drag force 

by modelling the stem of shrubs into a cylinder-shaped model and review the 

results associated with roughness coefficients. The model used in the 

experiment was assumed as the stems of shrubs. As addressed in Table 3.5, 

the vegetation stem models were circular cylinders of 30 cm in height and 6.5 

cm and 3.25 cm in diameter each. In addition, the experiment was carried out 

in the fully submerged condition where the model is completely submerged 

and in just submerged condition where the end of the model reaches the water 

surface, and also in the emergent condition to identify how resistance 

characteristics of flow are changed depending on the variation of diameter with 

varying flow conditions.

Roughness coefficient  is evaluated from the drag force coefficient  

which is calculated based on the measured drag force results. Variation of  

roughness coefficients for stem Reynolds number   and  was 

shown in Figure 5.1. The regression analysis was conducted for dimensionless 

parameters  , , and  drawn through dimensional analysis. It is 

identified that there is no appropriate relationship between each independent 

variable. In the case of a single circular cylinder, its contribution to flow 

resistance may be almost constant regardless of submerged conditions.
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The fluctuation of roughness coefficients shown in the figure is considered to 

reflect disturbance in the flow conditions to the results.

5.2 Experiment with a Single Tree

In this experiment, it is identified the effects of the unique characteristics of 

each shrub such as the flexibility of branches and variation of the biomass 

depending on inundation depth to flow resistance by collecting stems with the 

canopy from Bigcatkin Willow, “Seonbeodeul”, and Korean Willow those 

willows are commonly found in rivers located in the central region of Korea.

5.2.1BigcatkinWillow(SalixgracilistylaMiq.)

In Figure 5.2, the experimental results for Bigcatkin Willow are shown for 

  and . As shown in the figure, the experimental results were 

represented together regardless of submerged conditions, and it was found that 

the contribution of Bigcatkin Willow to flow resistance increases as the relative 

depth and the biomass related to the flow resistance increase.

As shown in the figure, a typical correlation that roughness coefficients 

decrease as Stem Reynolds number increases is identified. Roughness 

coefficients for Bigcatkin Willow are evaluated from the correlation with the 

drag coefficients based on drag force acting on vegetation itself, and therefore, 

it can be considered to be vegetative roughness coefficient  and the 

following relation equation can be drawn through multiple regression analysis.

 
 




 



 



,        (5.1)
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,        (5.2)

In Eqs. 5.1 and 5.2, the explanatory power of the regression appears to 

increase about 1% by including . Therefore, it is considered that the 

contribution of  to the relation equation is insignificant.

5.2.2“Seonbeodeul”(SalixsubfragilisAndersson)

In Figure 5.3, the experimental results for “Seonbeodeul” are shown for   

and . As shown in the figure, the experimental results were 

represented together regardless of submerged conditions, and it was also found 

that the contribution of “Seonbeodeul” to flow resistance increases as the 

relative depth and the biomass related to the flow resistance increase.

When comparing Figures 5.2 and 5.3, it was found that the canopy shape of 

Bigcatkin Willow was transformed close to the streamlined shape because the 

canopy part is always influenced by the flow due to the nature of the habitant 

area like waterfront, while “Seonbeodeul” grows in the river channel and bank 

area represented as floodplains so its canopy shape keeps the balance without 

distortion. Therefore, looking at the results shown in Figure 5.3, the impact on 

the flow resistance by “Seonbedeul” is much bigger because of the canopy 

form although a significant difference in the magnitude of the biomass with 

the depth is not identified through the direct examination or an orthogonal 

projection.

As shown in the figure, a typical correlation that roughness coefficients 

decrease as Stem Reynolds number increases is identified.
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Roughness coefficients for “Seonbeodeul” are also evaluated from the 

correlation with the drag coefficients based on drag force acting on vegetation 

itself, and therefore, it can be considered to be vegetative roughness coefficient 

 and the following relation equation can be drawn through multiple 

regression analysis.

 
 




 



 



,        (5.3)

 
 




 


,       (5.4)

In Eqs. 5.3 and 5.4, the explanatory power of the regression also appears to 

increase about 1% by including . Therefore, it is considered that the 

contribution of  to the relation equation is insignificant.

5.2.3KoreanWillow(SalixkoreensisAndersson)

In Figure 5.4, the experimental results for Korean Willow are shown for 

  and . As shown in the figure, the experimental results were 

represented together regardless of submerged conditions, and it was also found 

that the contribution of Korean Willow to flow resistance increases as the 

relative depth and the biomass related to the flow resistance increase. If 

comparing Figures 5.2~5.4, it can be found that the magnitude of flow 

resistance by Korean Willow is relatively small compared to “Seonbeodeul”and 

similar to Bigcatkin Willow.
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Korean Willow is also a vegetation living in the river channel represented as 

the floodplains on the river and is not transformed by flowing water like 

Bigcatkin Willow, and the form of the canopy keeps the balance without 

distortion like “Seonbeodeul”. Although the form of canopy is similar to that 

of “Seonbeodeul”, the effect on flow resistance is relatively less because the 

flexibility of branches forming the canopy is relatively higher compared to 

“Seonbeodeul”. Even when the experiment carried out, naturally bending of the 

branches of Korean willow along the flow direction can be easily identified by 

direct examination.

As shown in the figure, a typical correlation that roughness coefficients 

decrease as Stem Reynolds number increases is identified. Roughness 

coefficients for Korean Willow are also evaluated from the correlation with the 

drag coefficients based on drag force acting on vegetation itself, and therefore, 

it can be considered to be vegetative roughness coefficient  and the 

following relation equation can be drawn through multiple regression analysis.

 
 




 



 



,        (5.5)

 
 




 


,       (5.6)

In Eqs. 5.5 and 5.6, the explanatory power of the regression appears not to 

increase by including . Therefore, it is also considered that the 

contribution of  to the relation equation is insignificant.
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5.2.4Summary

This study selected 3 kinds of tree vegetation typically found in riparian 

areas of domestic rivers to measure the drag force change depending on the 

flow and evaluate roughness coefficients. Based on the results of evaluated 

roughness coefficients, the variation characteristics for dimensionless parameters 

 , , 
 were reviewed and then the evaluation equations were 

developed. According to the results of review, the effect of  ,  on 

vegetative roughness was found to be very large but the effect of  

were found to be relatively insignificant compared to grasses. The effect of 

dimensionless parameter  is considered to be hardly taken because in 

the case of grasses, various  values were reflected by considering seasonal 

changes but in the case of shrub experiments,  values are fixed and 

variation of  for flow conditions and vegetation specifications are already 

reflected through other variables in this study. The developed evaluation 

equations for individual vegetation are summarized and presented in Table 5.1. 

The applicability of the relation equation developed for individual tree 

vegetation in this study was reviewed in Figures 5.5 and 5.6. In Figure 5.5, 

the effects depending on the variation of  for the same stem Reynolds 

number   are identified. As can be seen in the figure, if the depth  is 

smaller than the height of vegetation  (emergent condition), flow resistance 

caused by Korean Willow is the largest and if Bigcatkin Willow and 

“Seonbeodeul” is  , the magnitude of roughness is almost similar. 

However, as vegetation gets higher, the magnitude of flow resistance by 

Bigcatkin Willow and “Seonbeodeul” increases more quickly than Korean 
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Willow so it can be found that the magnitude of flow resistance is shown in 

the order of “Seonbeodeul”, Bigcatkin Willow, Korean Willow near  . 

It can be also seen that the magnitude of roughness by each vegetation 

decreases gradually as   increases. For the same , the variation of 

roughness coefficients depending on an increase in  is reviewed in Figure 

5.6 and it can be found that roughness coefficients decrease gradually with 

  increasing in each case and finally, the magnitude is appeared in the 

order of “Seonbeodeul”, Bigcatkin Willow, Korean willow as above. In 

addition, as the submergence condition is changed from the emergent condition 

to just submerged condition, total roughness by each vegetation began to 

increase. Generally, if vegetation is changed from emergent condition to fully 

submerged condition, roughness is expected to decrease again or converge to a 

constant value because if the magnitude of roughness increases and then 

becomes deeper than the certain depth, the ratio of contribution by vegetation 

as roughness height in full depth decreases gradually. According to the results 

of the review, however, even if fully submerged condition was implemented, 

the magnitude of total roughness increased. These results are contrary to the 

phenomenon expected generally and given that the range of submergence 

conditions in shrub experiments conducted in this study is  ∼, 

the range of application of roughness coefficient evaluation equations by each 

vegetation presented in Table 5.1 is  , that is, it is determined to be 

applicable restrictively for emergent condition and just submerged condition.
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Target 

Vegetation
Evaluation equation  

Bigcatkin 

Willow
 

 



 


0.97

“Seonbeodeul”  
 




 


0.98

Korean Willow  
 




 


0.97

Table5.1Roughnessevaluationequationforeachtargettree
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5.3 Semi-real Scale Experiment

5.3.1SingleGroup

Experiments were conducted on the channel designed by supposing a 

semi-real scale experiment. Experiment discharge was fixed to 1.1 m³/s 

because flow control is limited and detailed adjustment of discharge is 

impossible. The flow was released from upstream inflow pumps. Experiment 

for the actual vegetative group was carried out for just submerged condition as 

shown in Figure 3.16. Variation in drag force inside and outside of vegetative 

group for the fixed experimental discharge are as listed in Table 5.2.

Figure 5.7 shows time series of drag force measurements at three points of 

A01, A02, A03. The value measured at the most upstream point (A01) of the 

vegetation zone showed the largest fluctuation of drag force and also showed 

the largest value of drag force. In contrast, in the case of A02, A03 points 

located within the vegetative zone, variation is clearly distinguished from A01 

point and it can be found that variation is also reduced as flow fluctuations 

decrease, and velocity is relatively stabilized inside the vegetative zone. These 

characteristics can be identified by change trends of standard deviation, 

maximum and minimum values shown in Table 5.2 and Figure 5.7.

According to measurement results, the mean value of the drag force has 

hardly changed between most upstream point (A01) and the next point (A02; 

5 m downstream from A01). This result is opposed to a significant reduction 

of drag force shown in A03 point. These properties mean that fluid force 

acting on the front part of the vegetative group is not sufficiently reduced to 

A02 point if assuming that the characteristics of the vegetative group to be 

experimented are spatially relatively uniform. If considering the values at A03 
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point, significantly reduced velocity by dense Bigcatkin Willow can be 

identified even with the direct examination. This result means that as expected 

before performing the experiment, the lag effect occurs inside the vegetative 

group so the effect of flowing water on Bigcatkin Willow is reduced.  

Therefore, it was found that significant drag force change and reduction in the 

effect of the flowing water occur between the front part and inside of the 

vegetation zone. 

It was also found through the experiment that flow reduction is affected by 

staggered arrangement significantly. Drag force could be measured to A03 

point, but it was impossible to measure the meaningful value of drag force 

because drag force was reduced within the effective measurement range after 

A04 point. However, it be inferred that drag force acting on the center of the 

vegetative group will be below 0.92 N on average after A03 point.
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Measurement location A01 A02 A03 A04 A05 A06

Distance from

upstream end (m)
0 5 10 15 20 25

Measuring time (sec) 300 300 300 - - -

Mean drag force (N) 5.40 5.18 0.92 - - -

Standard deviation (N) 0.39  0.14 0.11 - - -

Maximum (N) 5.59 5.57 1.25 - - -

Minimum (N) 2.40 2.78 0.59 - - -

Table5.2Resultsofdragforcemeasurement
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5.3.2StaggeredGroup

Experiments were also conducted on the channel designed by supposing a 

semi-real scale experiment. Discharge is controlled by the combination of the 

inlet pumps but detailed adjustment is impossible and experiment discharge is 

determined depending on changes in bed material saturation and ground water 

level before and after the experiment. Therefore, experiment discharge is 

measured by using StreamPro during experiments because it is difficult to 

maintain the constant discharge. Variation of drag force was observed for 

vegetative group 1, 2 as listed in Table 5.3.

If comparing values measured in group 1 and 2, the value of drag force 

measured in vegetative group located relatively upstream appeared to be great. 

Although group 2 is located relatively downstream compared to group 1, a 

relative drag force increase was expected because separate obstacles are not 

located in the flow direction and flow concentration phenomenon occurs by 

group 1. However, according to measured results, an increase in drag force 

due to flow concentration was not found and the values of measured drag 

force were rather reduced compared to vegetative group 1. This means that the 

effect of drag force caused by the flow is changed more significantly by the 

upstream and downstream positions tor the flow direction than the relative 

placement of a vegetation group.

When calculating the reduction rate of drag force by the flow retardation in 

each vegetation group, reduction rates for both group 1 and 2 are similar in 

the emergent condition but the reduction rate is greater at group 2 than group 

1 in the just submerged condition, and on the contrary, the reduction rate is 

greater at group 1 than group 2 in the fully submerged condition. This is 
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considered to be due to the fact that the velocity distribution in the front and 

tail part of the vegetation group changes depending on the relative position of 

the vegetation group and if comparing the absolute magnitude of drag force 

measured in the downstream end of each vegetation group, it can be seen that 

the value is almost similar. As identified in the experiment for the single 

group, it is determined to mean that the flow reduction effect by the vegetation 

group occurs almost intensively at the upstream end of each vegetation group 

and the flow reduction effect would be almost constant by the vegetation 

group at the downstream end.
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Case 

No.

Discharge

( )

(m³/s)

Drag force (N)
Reduction 

rate

(%)

Submergence 

condition
Group 1 Group 2

Up Down Up Down

SGG101 0.97 0.77 0.56 27.3 emergent

SGG102 1.34 1.11 0.73 35.2
just 

submerged

SGG103 1.97 1.61 0.84 47.8
fully 

submerged

SGG104 2.41 1.89 1.01 46.6
fully 

submerged

SGG201 0.97 0.49 0.34 30.6 emergent

SGG202 1.23 1.01 0.55 45.5
just 

submerged

SGG203 1.86 1.43 0.96 32.9
fully 

submerged

SGG204 2.35 1.26 1.01 19.8
fully 

submerged

Table5.3Resultsofdragforcemeasurementforstaggeredgroups
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6. Conclusion

6.1 Summary and Conclusions

When designing rivers or planning river channels, roughness coefficients of 

the river are very important to accurately predict the flood level of the river. 

As river restoration projects are activated in Korea, if training an existing river 

to a close-to-nature river, it is very important to accurately predict vegetative 

roughness when determining roughness for the entire river channel. Studies for 

predicting the roughness of the river are actively carried out in Korea but most 

of them are about the optimal estimation of roughness coefficients for the 

target river based on the measured water level and there are few studies on 

vegetative roughness playing an important role in estimating river roughness. 

Also for vegetation, although being very limited, some studies have been 

conducted for grasses and some studies are carried out based on the foreign 

data.

In this study,  the quantitative variation of roughness coefficients depending 

on the characteristic factors by each vegetation is examined  by performing 

hydraulic experiments for grass and woody vegetation. Based on this, the 

applicability of  relationship typically presented for vegetative 

roughness in previous studies was reviewed and the effect of each new applied 

dimensionless parameter was analyzed based on the experimental data 

measured to replace  and new evaluation equation for vegetative roughness 

coefficient  was presented. The results obtained in this study can be 
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summarized as follows: 

The results for vegetative roughness element  based on  relation 

equation were reviewed by performing experiments based on various hydraulic 

conditions for grass vegetation such as Zoysia matrella, Pennisetum 

alopecuroides (L.) Spreng., Phragmites communis Trin., Phragmites japonica 

Steud., Miscanthus sacchariflorus (Maxim.) Benth. typically found in domestic 

rivers. According to the results of the review, the effect of relative depth  

that means relative changes of vegetation height and depth, and changes in 

vegetation rigidity depending on seasons could not be considered properly with 

a single  relation equation. In the case of Pennisetum alopecuroides 

(L.) Spreng. and Phragmites communis Trin., if presenting equations by 

dividing them into “dormant state” and “green state”, the seasonal distinction is 

possible but there is a limitation that the applicable period cannot be clearly 

specified and as shown in Figures 4.7, 4.8, 4.12, and 4.14. If considered as a 

single  relationship, the effect of relative roughness  for the height 

of vegetation  and the depth  cannot be properly considered and if 

presented as a single relation equation, coefficient of determination   is less 

than 0.68 and not enough to represent the variation characteristics of vegetative 

roughness, and they could not be identified clearly. Also, if proposed as an 

individual relation equation of  based on  relationship, explanatory 

power increases, but there is a limit that it can not be applied universally for 

all conditions. 

Therefore, in order to propose a new relation equation that can take the 

place of existing  relationship in this study. Several dimensionless 

parameters are selected through the dimensional analysis. Those are  
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that can take into account the rigidity of vegetation simultaneously and  

considering height of vegetation  as main characteristic factors, and stem 

Reynolds number  which can consider the effect of diameter  of 

vegetation for flow conditions. The relationship between vegetative roughness 

and each dimensionless parameter was examined and as a result, it was found 

that as  , ,  increases, each vegetative roughness  decreases. 

By using the selected dimensionless parameter, In this study, evaluation 

equations of vegetative roughness as a single relation equation are proposed in 

consideration of all of changes in the rigidity of vegetation due to seasonal 

distinction, relative inundation depth of vegetation, and influence of flow 

conditions by vegetation and coefficient of determination.  of the presented 

relation equations are more than 0.76 and convenience, accuracy and 

applicability for evaluating vegetative roughness are improved compared to 

existing  relation equation. Therefore, when comprehensively reviewing 

the equation presented for each vegetation in this study,  relationship 

that has been traditionally used is considered to be replaced based on the 

results of this study.

Stems with the canopy form were extracted from Salix gracilistyla Miq., 

Salix subfragilis Andersson, Salix koreensis Andersson found a lot in the 

Central Region of Korean peninsular in trees growing in river channels. The 

variation of biomass depending on inundation depth was identified by 

performing an experiment for various hydraulic conditions. After evaluating 

roughness coefficients by directly measuring drag force, the relationship 

between vegetative roughness element  and dimensionless parameters  , 
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,  selected through the dimensional analysis was examined as in 

grasses. According to the results of the review, when considering  ,  

for roughness coefficients,   is more than 0.97, indicating that the influence 

of both parameters is very large but the variation characteristics for  

were found to be relatively insignificant compared to grasses. In the case of 

grasses, various  were reflected by considering seasonal changes but in the 

case of shrub experiments,  is less changed and the increase of 

explanatory power  depending on the addition of a dimensionless parameter 

 is very small (0.00 or 0.01) so in the case of shrubs, the effect of 

 for vegetative roughness  was found to be insignificant in this study. 

Therefore, in the case of shrubs, the usability of the equations presented based 

on dimensionless parameters  ,  is considered to be very high compared 

to the existing roughness selection method using references widely used now. 

However, the applicability of the presented evaluation equation of woody 

vegetative roughness was examined and as a result, it was found that although 

the fully submerged condition is implemented, the magnitude of total 

roughness keeps increasing so when considering the experimental conditions, 

the application range of the evaluation equations presented for woody 

vegetative roughness is  , that is, it should be applied restrictively for 

the emergent condition and just submerged condition.

In addition, by performing the semi-real scale river experiment, the effect of 

drag force reduction made inside and outside the vegetation group was 

analyzed. In the experiment for a single vegetation group planted in the entire 

stream channel, the lag effect inside the vegetation group was found to be 
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larger compared to the front of the vegetative group. Through the hydraulic 

experiment for staggered group, it was found that the reduction rate of drag 

force varies depending on the relative position and submerged conditions of 

the vegetation group. 

6.2 Recommendations for Future Research

Based on the process and results of this study, contents to be studied further 

can be proposed: This study selected a total of five domestic representative 

grasses and performed experiments but when considering the diversity of 

domestic river vegetation, it is necessary to include more target species in the 

study. In addition, in order to assess vegetative roughness in the flood season 

(from summer to early fall), it is determined that roughness coefficients should 

be assessed after subdividing the flood season on the basis of sesonal time for 

other vegetation including Phragmites japonica Steud. and Miscanthus 

sacchariflorus (Maxim.) Benth. and therefore, it seems to be necessary to 

extend the experimental studies according to the growth period. 

Also in the case of shrubs, the evaluation equation of vegetative roughness 

was presented for Salicaceae vegetation studied in this study but the 

application range is limited to within the just submerged condition and hence, 

studies to expand the experimental conditions to extend the application range 

of  the evaluation equation are needed and like grasses. It is necessary to carry 

out the study by expanding the target woody vegetation to propose a wide 

variety of vegetation characteristic group with similar roughness coefficients by 

taking into account the physical characteristics of vegetation.
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국문 록

식생에 의한 개수로 흐름에서의 조도 특성 분석

서울 학교 학원

건설환경공학부

이동섭

하천의 홍수 를 정확히 측하기 해서 하천 조도계수가 매우 요하다.국

내에서 하천복원 사업이 활성화되면서 기존 하천이 자연형 하천으로 조성되는 

경우 체 하도에 한 조도를 결정할 때 식생조도를 정확하게 측하는 것이 

필요하다.

본 연구에서는 실제 본류  목본류 식생에 한 수리 실험을 수행하여 각 

식생별 특성 인자에 따른 조도계수의 정량  변화를 검토하 다.이를 바탕으로 

기존 연구에서 식생조도에 해서 일반 으로 제시되는  계의 용성

을 검토하 으며,을 신하는 새로운 무차원변수를 용하여 측정된 실험 

자료를 바탕으로 각 무차원 변수의 향을 분석하고,식생조도계수 에 한 

새로운 산정식을 제시하 다.

국내 하천에서 표 으로 발견되는 한국잔디,수크령,갈 ,달뿌리풀,물억

새 등으로 본류 식생에 하여 다양한 수리 조건에 한 실험을 수행하여 

 계식에 기 한 식생조도요소 에 한 결과를 검토하 다.검토 결과 
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단일  계식으로는 계 에 따른 식생 강성의 변화,상 수심의 향을 

히 고려할 수 없었다.따라서 기존  계를 신할 수 있는 새로운 

계식을 제안하기 하여 본 연구에서는 차원해석을 통하여 흐름 조건에 한 

식생의 직경 의 향을 고려할 수 있는 기 이놀즈수 ,식생의 높이 

을 주요 특성 인자로 고려한 와 식생의 강성을 동시에 고려할 수 있는 무차

원변수 를 선정하 다.본 연구에서는 계  구분,즉 식생의 강성의 

변화와 식생의 상  침수심,식생에 의한 흐름 조건 향을 모두 고려한 단일 

계식으로 식생조도 산정식을 제안하 으며,제시한 계식의 결정계수  가 

0.76이상으로 기존  계식에 비해 식생조도 산정을 한 편의성,정확

성  용성을 제고하 다.따라서 본 연구에서 각 식생에 해서 제시한 식을 

종합 으로 검토할 때 이를 바탕으로 기존에 습 으로 사용되던  계

를 체할 수 있을 것으로 단된다.

하도에 서식하는 목본류 식생  한민국 부지역에서 많이 발견되는 갯버

들,선버들,버드나무에서 수 부 형태를 가지는 기를 채취하여 침수심에 따

른 생체량에 변화를 다양한 수리 조건에 하여 실험을 수행하여 확인하 다.

본류와 마찬가지로 식생조도요소 와 차원해석을 통해 선정한 무차원변수 

,,
의 계를 검토하 다.검토 결과 조도계수에 해 ,

를 고려하 을 때 가 0.97이상으로 두 매개변수의 향은 매우 큰 것으로 나

타났으나 무차원변수 의 추가에 따른 설명력 의 증가가 매우 작아

(0.00 는 0.01),목본류의 경우 식생조도 에 한 의 향이 본 연구에서

는 미미한 것으로 나타났다.목본류의 경우  무차원변수 ,에 기 하여 

제시한 공식의 사용성이 기존에 사용되던 참조 방식의 조도 선정 방법에 비해 

매우 높은 것으로 생각된다.하지만 제시한 목본류 식생조도 산정식의 용성을 
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검토한 결과 완 침수(fullysubmerged)조건이 구 되더라도 체 조도의 크기

가 계속 증가하는 것으로 나타나,실험 조건을 고려할 때 목본류 식생조도에 

해서 제시한 산정식의 용 범 는   이내로,즉 부분침수 조건과 표면도

달 조건에 해서 제한 으로 용해야 할 것으로 단된다.

주요어:흐름 항,식생조도, 계,상  수심,식생 강성,계  변화,d

무차원변수,다 회귀분석

학  번:2005-31042
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6. Conclusion

6.1 Summary and Conclusions

When designing rivers or planning river channels, roughness coefficients of 

the river are very important to accurately predict the flood level of the river. 

As river restoration projects are activated in Korea, if training an existing river 

to a close-to-nature river, it is very important to accurately predict vegetative 

roughness when determining roughness for the entire river channel. Studies for 

predicting the roughness of the river are actively carried out in Korea but most 

of them are about the optimal estimation of roughness coefficients for the 

target river based on the measured water level and there are few studies on 

vegetative roughness playing an important role in estimating river roughness. 

Also for vegetation, although being very limited, some studies have been 

conducted for grasses and some studies are carried out based on the foreign 

data.

In this study,  the quantitative variation of roughness coefficients depending 

on the characteristic factors by each vegetation is examined  by performing 

hydraulic experiments for grass and woody vegetation. Based on this, the 

applicability of  relationship typically presented for vegetative 

roughness in previous studies was reviewed and the effect of each new applied 

dimensionless parameter was analyzed based on the experimental data 

measured to replace  and new evaluation equation for vegetative roughness 

coefficient  was presented. The results obtained in this study can be 
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summarized as follows: 

The results for vegetative roughness element  based on  relation 

equation were reviewed by performing experiments based on various hydraulic 

conditions for grass vegetation such as Zoysia matrella, Pennisetum 

alopecuroides (L.) Spreng., Phragmites communis Trin., Phragmites japonica 

Steud., Miscanthus sacchariflorus (Maxim.) Benth. typically found in domestic 

rivers. According to the results of the review, the effect of relative depth  

that means relative changes of vegetation height and depth, and changes in 

vegetation rigidity depending on seasons could not be considered properly with 

a single  relation equation. In the case of Pennisetum alopecuroides 

(L.) Spreng. and Phragmites communis Trin., if presenting equations by 

dividing them into “dormant state” and “green state”, the seasonal distinction is 

possible but there is a limitation that the applicable period cannot be clearly 

specified and as shown in Figures 4.7, 4.8, 4.12, and 4.14. If considered as a 

single  relationship, the effect of relative roughness  for the height 

of vegetation  and the depth  cannot be properly considered and if 

presented as a single relation equation, coefficient of determination   is less 

than 0.68 and not enough to represent the variation characteristics of vegetative 

roughness, and they could not be identified clearly. Also, if proposed as an 

individual relation equation of  based on  relationship, explanatory 

power increases, but there is a limit that it can not be applied universally for 

all conditions. 

Therefore, in order to propose a new relation equation that can take the 

place of existing  relationship in this study. Several dimensionless 

parameters are selected through the dimensional analysis. Those are  
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that can take into account the rigidity of vegetation simultaneously and  

considering height of vegetation  as main characteristic factors, and stem 

Reynolds number  which can consider the effect of diameter  of 

vegetation for flow conditions. The relationship between vegetative roughness 

and each dimensionless parameter was examined and as a result, it was found 

that as  , ,  increases, each vegetative roughness  decreases. 

By using the selected dimensionless parameter, In this study, evaluation 

equations of vegetative roughness as a single relation equation are proposed in 

consideration of all of changes in the rigidity of vegetation due to seasonal 

distinction, relative inundation depth of vegetation, and influence of flow 

conditions by vegetation and coefficient of determination.  of the presented 

relation equations are more than 0.76 and convenience, accuracy and 

applicability for evaluating vegetative roughness are improved compared to 

existing  relation equation. Therefore, when comprehensively reviewing 

the equation presented for each vegetation in this study,  relationship 

that has been traditionally used is considered to be replaced based on the 

results of this study.

Stems with the canopy form were extracted from Salix gracilistyla Miq., 

Salix subfragilis Andersson, Salix koreensis Andersson found a lot in the 

Central Region of Korean peninsular in trees growing in river channels. The 

variation of biomass depending on inundation depth was identified by 

performing an experiment for various hydraulic conditions. After evaluating 

roughness coefficients by directly measuring drag force, the relationship 

between vegetative roughness element  and dimensionless parameters  , 
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,  selected through the dimensional analysis was examined as in 

grasses. According to the results of the review, when considering  ,  

for roughness coefficients,   is more than 0.97, indicating that the influence 

of both parameters is very large but the variation characteristics for  

were found to be relatively insignificant compared to grasses. In the case of 

grasses, various  were reflected by considering seasonal changes but in the 

case of shrub experiments,  is less changed and the increase of 

explanatory power  depending on the addition of a dimensionless parameter 

 is very small (0.00 or 0.01) so in the case of shrubs, the effect of 

 for vegetative roughness  was found to be insignificant in this study. 

Therefore, in the case of shrubs, the usability of the equations presented based 

on dimensionless parameters  ,  is considered to be very high compared 

to the existing roughness selection method using references widely used now. 

However, the applicability of the presented evaluation equation of woody 

vegetative roughness was examined and as a result, it was found that although 

the fully submerged condition is implemented, the magnitude of total 

roughness keeps increasing so when considering the experimental conditions, 

the application range of the evaluation equations presented for woody 

vegetative roughness is  , that is, it should be applied restrictively for 

the emergent condition and just submerged condition.

In addition, by performing the semi-real scale river experiment, the effect of 

drag force reduction made inside and outside the vegetation group was 

analyzed. In the experiment for a single vegetation group planted in the entire 

stream channel, the lag effect inside the vegetation group was found to be 
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larger compared to the front of the vegetative group. Through the hydraulic 

experiment for staggered group, it was found that the reduction rate of drag 

force varies depending on the relative position and submerged conditions of 

the vegetation group. 

6.2 Recommendations for Future Research

Based on the process and results of this study, contents to be studied further 

can be proposed: This study selected a total of five domestic representative 

grasses and performed experiments but when considering the diversity of 

domestic river vegetation, it is necessary to include more target species in the 

study. In addition, in order to assess vegetative roughness in the flood season 

(from summer to early fall), it is determined that roughness coefficients should 

be assessed after subdividing the flood season on the basis of sesonal time for 

other vegetation including Phragmites japonica Steud. and Miscanthus 

sacchariflorus (Maxim.) Benth. and therefore, it seems to be necessary to 

extend the experimental studies according to the growth period. 

Also in the case of shrubs, the evaluation equation of vegetative roughness 

was presented for Salicaceae vegetation studied in this study but the 

application range is limited to within the just submerged condition and hence, 

studies to expand the experimental conditions to extend the application range 

of  the evaluation equation are needed and like grasses. It is necessary to carry 

out the study by expanding the target woody vegetation to propose a wide 

variety of vegetation characteristic group with similar roughness coefficients by 

taking into account the physical characteristics of vegetation.
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