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Abstract

Woody debris in rivers can be a significant source of roughness and consequently influences flow at both the local and reach

scale. In order to develop a better quantitative understanding of the interaction between wood in rivers and stream flow, we thus

performed a set of field measurements of the drag on model woody debris for conditions that prevail in typical natural streams.

Our model debris consisted of PVC ‘‘logs’’ with diameters between 4 and 30 cm. The field setting allowed us to consider the

hydrodynamic influence of a rough stream bottom, and our measurements thus complement previously published flume-based

measurements. We found that, owing to the variation of velocity with water depth, some of our results differed appreciably from

measurements made in smooth flumes. We determined the effects of (i) the orientation of the log, (ii) the size of the log relative

to the water depth, (iii) the depth of the log in the water column, and (iv) leafless branches on the log. We found that the

orientation of the log had no significant effect on the apparent drag coefficient. By contrast, because the water velocity varies

with depth, the position of the log in the water column influenced the apparent drag for small logs. For large logs (diameter

>30% of the water depth), however, the position of the log had little effect on drag. The ratio of the diameter of the log to the

water depth, a quantity called ‘‘blockage,’’ also affected drag. As blockage increased, drag increases. For blockages greater than

about 0.3, however, the drag becomes independent of blockage. Finally, we found that the presence of leafless branches does

not increase the drag (within measurement sensitivity).
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1. Introduction

Woody debris in rivers can be an important source

of flow resistance and as a result will influence

channel properties and morphology at both the local

and reach scale (e.g., Lisle, 1995; Dudley et al., 1998).

At the local scale, woody debris can create its own set

of geomorphic features such as pools and bars (e.g.,

Bisson et al., 1987; Robison and Beschta, 1990). At

the reach scale, when wood is added to a river, the

increase in flow resistance can inhibit the stream’s

ability to transport sediment (e.g., Assani and Petit,

1995; Buffington and Montgomery, 1999) and may

thus increase sediment storage (e.g., Smith et al.,

1993). However, because woody debris diverts the

flow of water, locally it will increase stream velocity.
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Consequently, sediment transport may be promoted

locally and may result in bank erosion (e.g., Naka-

mura and Swanson, 1993; Trimble, 1997). Woody

debris can therefore affect properties and dynamics at

the reach scale, such as the width to depth ratio of

stream channels (Bilby and Ward, 1991; Whiting and

Moog, 2001) and channel stability (Bilby, 1983).

The effects of woody debris on stream flow depend

on both hydraulic conditions in the river and geo-

metric characteristics of the wood, such as spacing of

debris and the size of debris relative to water depth

(e.g., Gippel et al., 1996). Field studies have shown

that the length and diameter of deposited pieces of

wood increase with increasing stream discharge (e.g.,

Piegay and Gurnell, 1997). Moreover, the length,

diameter, and volume of wood increase with increas-

ing stream width (Bilby and Ward, 1991; Abbe and

Montgomery, 1996). Such field observations, com-

bined with flume experiments and models of wood

movement (e.g., Braudrick et al., 1997), suggest that

the behavior of wood in rivers can be quantified from

knowledge of channel geometry, wood characteristics,

and prevailing hydraulic conditions (Braudrick and

Grant, 2000). An understanding of wood dynamics,

coupled with an understanding of the geomorphic

effects of wood, would provide a framework for better

interpreting and predicting the response of fluvial

systems to changes in wood loading (Manga and

Kirchner, 2000).

One convenient and useful measure of the hy-

draulic impact of large woody debris (logs) in the

fluvial system is the drag force, the force that flowing

water exerts on a log. Gippel et al. (1996) measured

the drag force on model woody debris in a laboratory

flume. The drag force was determined as a function of

hydraulic conditions (water velocity and water depth)

and geometric properties of the logs (log diameter,

shape, depth, and orientation). Our goal in the present

complementary study is to use direct field measure-

ments to provide improved constraints on the

hydraulic effects of logs for conditions that prevail

in natural streams. Owing to the rough bottom of

natural streams, water velocity varies with depth and

we will see that the variation of water velocity can

have a significant effect on the drag force. Despite the

geometric and hydrodynamic limitations inherent in

our field study, measurements such as those presented

here combined with flume measurements provide a

starting point for quantitative prediction of the inter-

action between wood and stream flow, entrainment of

wood, and stress partitioning by woody debris.

2. Drag on wood

When a solid object is submerged in a moving body

of fluid, a downstream force will be exerted on the ob-

ject. In this study, we are interested in the downstream

force exerted on a log (circular cylinder) in a river. The

downstream force on the submerged log will be

Fd ¼
1

2
qCapp

D ū2Asinh ð1Þ

where Fd is the downstream force, q is the density of

water, A is the submerged cross-sectional area of the

log, h is the angle of the log relative to downstream, ū is

the depth-averaged velocity of the water as it ap-

proaches the log, and CD
app is a dimensionless constant

of proportionality called the apparent drag coefficient.

CD
app is an apparent drag coefficient (thus the super-

script app) because it is measured for the given set of

geometric and hydraulic conditions. The application of

classical values for the steady motion of circular

cylinders in infinitely large volumes of fluid, such as

those that can be found in most fluid mechanics texts

(e.g., Batchelor, 1967), may not be quantitatively valid

in natural streams for several reasons: stream flow is

not steady, velocity varies with depth in the water

column, a free surface can interact with the flow and

the log, thewater column has a finite depth, and logs are

‘‘rough.’’ Indeed, we will see by comparing our meas-

urements with the flume measurements of Gippel et al.

(1996) that the rough stream bottom can have a

significant influence on CD
app.

In this study, we directly measure CD
app in natural

streams while varying the geometric and hydraulic

conditions. The hydraulic conditions include the

Reynolds number (Re = ūd/m), where d is the diameter

of the log below the water surface and m is the

kinematic viscosity of water, and the Froude number

(Fr ¼ u
� ffiffiffiffiffi

gz
p

), where g is gravitational acceleration

and z̄ is the mean water depth. Unfortunately, Re and

Fr cannot both be scaled independently. Flumes and

model wood are both usually smaller than in the field

setting, which requires ū to be greater than in the field
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setting in order to scale Re. Nevertheless, both here

and in the flume experiments of Gippel et al. (1996),

Fr is quite a bit less than 1 so that the measurements

should be directly comparable.

In order to keep the measurements practical and the

interpretation of the results straightforward, we focus

on single logs. We thus ignore the interactions between

individual logs. Previous studies have shown that the

hydraulic interactions between logs can be non-negli-

gible when they are separated by as much as 10 log

diameters (e.g., Ranga Raju et al., 1983). We also

ignore the contribution to flow resistance provided by

bedforms that may be created by woody debris.

3. Methods

3.1. Measurement locality

Measurements were made in the Fall and Quinn

Rivers, two spring-dominated streams located in the

Cascade Mountains of central Oregon. Spring-domi-

nated rivers provide a convenient setting for our study

because they have uniform flow and are generally

shallow and flat-bottomed (Whiting and Stamm,

1995; Manga, 1997).

In selecting a measurement area, we located a

straight section in each river where the water depth

in the measurement area was approximately constant

(to within 2 cm). We also required that no obstructions

affected the water flow, such as stream vegetation or

woody debris. Within this channel cross-section, we

chose a 2-m subregion over which the water velocity

was approximately constant. We measured the water

velocity with a Price pygmy current meter. The size of

the bed material was determined by dry sieving

between 1 and 2 kg of the bed surface material, and

analyses of the diameter (d50 and d90 in mm) for the

50th and 90th percentile size ranges indicate that both

rivers are gravel-bedded. Table 1 summarizes the

characteristics of measurement reaches.

3.2. Measurement apparatus

To gain an understanding of how the drag coef-

ficient varies with geometric properties, we built an

apparatus that measures torque on logs of various

sizes at different depths and orientations. We were

also able to vary the shape of the log in order to

simulate the effect of branches. For each set of

measurements, we related torque to the drag force

and calculated CD
app.

In order to measure torque, we attached seven PVC

pipes (model logs) one at a time to a freely rotating

pole that was fixed to a footplate (Fig. 1). Each log was

filled with enough Styrofoam to make it neutrally

buoyant in water. We then used two Proto dial torque

wrenches, with torque ranges between 0.0 and 9.0 and

0.0 and 70.0 N m, to measure the torque required to

hold the log in place at any given orientation. Uncer-

tainties for these two torque wrenches are 0.1 and 1 N

m, respectively. Orientations were measured using a

Brunton compass. The attachment between the log and

the pole was vertically adjustable, allowing us to

measure torque at any given depth and orientation.

All of the logs were 1.8 m in length, and the diameters

varied (48.5, 60.5, 101, 114, 168, 221, and 274 mm).

Measurements were repeatable and user-independent.

We also varied a blockage ratio, the fraction of the

water depth blocked by the log, where blockage values

ranged between 0.1 and 0.7. Re ranged between

4� 103 and 6� 104, and Fr was < 0.2 (Table 1). This

range of Re is typical of conditions that prevail in both

lowland rivers and headwater streams. The upper limit,

however, is lower than Re that can be reached at

bankfull stage. For Re about one order of magnitude

greater than the studied Re, the boundary layer around

the log becomes fully turbulent and CD
app is reduced by

a factor of about 3 (e.g., Batchelor, 1967). The upper

limit of Re that we were able to study was limited by

the physical strength of the authors.

3.3. The relationship between torque and drag

When a log of length L is submerged in water, the

downstream force Fd relates to torque by the expression

Fd ¼
2T

sinhð2c þ LÞ ; ð2Þ

Table 1

Characteristics of the Fall and Quinn rivers

Name ū

(m/s)

z̄

(cm)

Temperature

(jC)
d90
(mm)

d50
(mm)

Fr

Quinn River 0.16 40 4.4 4.0 3.5 0.082

Fall River 0.33 48 6.5 20.0 16.0 0.15
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where T is the torque. We used Eq. (2) to calculate Fd

from torque measurements and then used Eq. (1) to

calculate CD
app.

4. Results and discussion

Here we present and interpret our field measure-

ments and compare them with published lab measure-

ments (e.g., Gippel et al., 1996). For the range of Re in

the two rivers, and typical of most large woody debris

in natural settings, the drag coefficient for a circular

cylinder (CD) in an infinitely large volume of fluid is

between about 1.0 and 1.2 (e.g., Batchelor, 1967). Drag

coefficients in our experiments were thus expected to

be essentially independent ofRe, andwe could focus on

geometric properties of woody debris. A detailed

summary of all measurements and measurement con-

ditions is compiled in a thesis (Hygelund, 2002).

4.1. Effects of orientation

The curve in Fig. 2 shows the relationship between

torque and log orientation, h, that would be predicted

Fig. 1. Illustration of measurement apparatus used to measure torque on PVC ‘‘logs’’. (a) Apparatus geometry within the stream channel. (b) The

angle h and log dimensions.
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if CD
app is independent of orientation. h is defined such

that it is 0j if the log is aligned parallel to the flow,

and 90j if it is aligned perpendicular to the flow (see

Fig. 1). Generally, our data show a relationship similar

to that expected if CD
app is independent of orientation,

although the uncertainty in CD
app becomes large for

small h due to the approximately 5j uncertainty in

determining h in a field setting.

Our findings differ from the flume measurements

reported in Fig. 2 of Gippel et al. (1996). Their results

are similar to ours for h between about 50j and 90j.
Gippel et al. (1996), however, found an observable

decrease of CD
app for smaller angles (though as h

approaches 0j, CD
app again approaches its value for

h>50j). The nearly constant CD
app for large (and very

small) h can be explained by the log acting as a bluff

body such that the water is forced either directly over

or under the log. For more angled logs, there is a

component of flow that develops parallel to the log

that appears to reduce CD
app in the flume experiments.

The reason for our nearly constant CD
app is not

obvious. The most significant difference between the

two sets of experiments is the rough bed in our field

measurements that results in a vertical variation of

velocity. We thus hypothesize that for the case of

angled logs, the vertical gradient in velocity results in

a larger component of fluid acceleration under the log

(rather than parallel to the log) so that angled logs

continue to resemble bluff bodies.

4.2. Effects of depth

Fig. 3 shows how CD
app varies with a quantity we

term as the depth ratio. The depth ratio is defined as

the height of the water below the log divided by the

height of the water below the log (b) divided by sum

of the heights above and below log (a+b). In Fig. 3a,

CD
app is calculated with the depth-averaged velocity; in

Fig. 3b, CD
app is calculated using a local velocity and

denoted CDl
app. For the 48.5-mm diameter log, CD

app

increases by a factor of 2.5 as the depth ratio increases

from 0.2 to 1.0. This effect becomes less apparent for

the larger diameter logs, and CD
app varies negligibly

with the depth ratio for the 168-mm and greater

diameter logs. These findings indicate that to a good

approximation, the drag does not vary with depth for

logs with diameters greater than about one-third of the

channel depth.

The relationship between CD
app and depth for the

smaller diameter logs essentially disappears when it is

recalculated with the local velocity (CDl
app). These

results suggest that larger diameter logs are wide

enough that the velocity they ‘‘feel’’ is more similar

to the depth-averaged velocity than any particular

point of local velocity (see Fig. 4). However, the

smaller logs have small enough diameters that the

local velocity rather than a depth-averaged velocity

will most greatly affect the drag.

The drag coefficients based on the local velocity

for small cylinders are larger than the classical values

based on measurements made on circular cylinders in

air (see, e.g., Batchelor, 1967) or in towing tank

experiments in water (Gippel et al., 1996). Our larger

values may reflect a combination of the unsteady

nature of natural stream flow and additional ‘‘induced

drag’’ created by the interactions between the wake

behind the log, the water surface, and the rough

streambed. The so-called induced drag is created by

vortices that develop downstream of the log (Batch-

elor, 1967, p. 331).

In the flume experiments reported by Gippel et al.

(1996), velocity did not vary with depth and, unless

the log was very close to the bottom, CD
app did not

vary significantly with depth. Fig. 3, however, shows

Fig. 2. Relationship between torque and the orientation of a log.

Example shows measurements for the 101-mm diameter log in the

Fall River. The curve defines the relationship that would be

predicted if torque was independent of orientation.
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that a depth dependence of CD
app should be expected

for ‘‘small’’ logs in natural streams owing to the depth

dependence of velocity. Consequently, placing logs on

the bottom of gravel bedded stream will not have

substantial impact on channel roughness. By contrast,

Gippel et al. (1996) also found that CD
app increased

when logs were placed very near the stream bottom

due to a region of nearly stagnant water created

upstream of the log. In a stream with a rough bottom,

water can continue to flow under the log (and through

the gravel on the stream bottom), explaining why

CD
app does not appear to increase in our measurements.

4.3. Effects of blockage

CD
app may also depend on the ratio of the area

obstructed by the log in the river to the cross-

sectional flow area. This quantity is called the block-

age B, where B = d/z̄, d is the submerged log diam-

eter, and z̄ is the depth of the water (Ranga Raju et

Fig. 3. (a) Relationship between the apparent drag coefficient CD
app and a depth ratio D = b/(a+ b) as illustrated in the inset. h= 90j

(measurements made in the Quinn River). (b) CD
app calculated with the local velocity CDl

app.
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al., 1983; Shields and Gippel, 1995). Gippel et al.

(1992) performed a series of towing tank and flume

experiments, for which Shields and Gippel (1995)

propose that the relationship between drag and block-

age can be expressed as

C
app
D c

CD

ð1� BÞ2
� ð3Þ

CD is the drag coefficient for the cylinder in an

infinitely large volume of fluid, and for 103 <Re <

105, CD has been experimentally determined to be

approximately between 1.0 and 1.2 (Batchelor,

1967). Conservation of mass requires that the veloc-

ity per unit area upstream, ū, is equal to the velocity

per unit area that is diverted around the log, U. Thus,

the velocity increase will be U ¼ ū
�
1� ðd=z̄Þð Þ,

which is equal to U = ū/(1�B). Thus, because drag

scales with velocity squared (Eq. (1)), CD
app might be

expected to scale with 1/(1-B)2.

In Fig. 5, we show our results along with a curve

showing the predicted relationship between CD
app and

B described by Eq. (3) of Shields and Gippel (1995).

Shields and Gippel based their analysis of the relation-

ship between CD
app and B on a set of experiments

where B ranged between 0.03 and 0.3. In our field

measurements, B ranges up to 0.7. While the magni-

tude and scatter of our data is similar to the data

presented in Shields and Gippel (for B < 0.3), Fig. 5

shows a poor correlation between CD
app and B, espe-

cially for large B. Indeed, a Student’s t-test analysis of

the experimental data indicated that the null hypoth-

esis (no relationship) cannot be rejected at the 95%

confidence level.

The absence of a relationship between CD
app and

B suggests that the drag is dominated by the

incoming (upstream) velocity of the water, rather

than the maximum velocity of the water as it is

accelerated around the log. For the Reynolds num-

bers typical of large woody debris, drag will be

dominated by normal stresses acting on the log (i.e.,

friction drag is relatively insignificant). Because the

flow will separate as it moves around the edge of

bluff bodies, such as logs, the pressure on the

downstream side of the log will be approximately

constant. On the forward face of the log, from

Bernoulli’s theorem, the pressure will be propor-

tional to the velocity of the incoming fluid squared.

The drag will thus scale with the upstream velocity

squared. Alternatively, the lower-than-predicted val-

ues of CD
app at large B may be caused by an

interaction between the flow and the streambed that

will affect flow near the log and in the wake behind

the log—changing the induced drag (see Section

4.2). Our measurements were conducted in gravel-

bedded streams where the bed surfaces were rough

and the log diameters were not orders of magnitude

different from the mean size of the bed material

(d50 ranged between 18 and 40 mm).

4.4. Effects of branches

We added 30, 254 mm long and 25 mm wide,

pegs to the 168-mm diameter log to determine if

increasing the roughness of its surface (adding

leafless branches) had an effect on the drag. Over-

all, the same amount of torque (to within measure-

ment uncertainty) was exerted on the smooth

surface as was exerted on the same log with

branches under the same experimental conditions.

Gippel et al. (1996) performed similar experiments,

also comparing apparent drag coefficients for cylin-

ders with those for cylinders plus model branches,

and they reported similar results.

By adding branches, we increased the surface

area of the log; thus, we might expect the torque to

Fig. 4. Log-linear graph showing velocity vs. depth for the Fall

River (diamonds) and the Quinn River (circles).
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increase. The branches, however, caused the ap-

proaching flow to separate and generated turbulence

in the flow impinging on the log. Because the area

A in Eq. (1) increased and the drag force Fd did not

change, then CD
app actually decreased.

5. Summary

The goal of the present study was to characterize

some of the hydraulic effects of woody debris in

streams. To conclude, we briefly illustrate how the

measurements may be applied to fluvial systems

and be used to interpret field measurements. As a

specific example, we will consider the Cultus River

in central Oregon, USA, a spring-fed river that has

a nearly constant discharge (Manga, 1997). As we

can see in Fig. 6, the Cultus River contains many

large pieces of wood (mostly windblown lodgepole

pine), with typical diameters of 20 cm. The mean

separation of the logs is about 60 times their

diameter so that the hydrodynamic interactions

between logs due to wake interference can be

neglected.

The wood in the Cultus is visually distinctive.

What are the reach-averaged hydraulic effects of

this wood? One convenient way of characterizing

the effect of woody debris is through a stress

partitioning equation, in which we estimate the

flow resistance provided by the wood. The total

channel shear stress, s0, is the weight of the water

in the downstream direction per unit area of the

bed

s0 ¼ qgRs ð4Þ

Fig. 5. Relationship between CD
app and blockage B. Circles: Quinn River; diamonds: Fall River. Filled symbols represent CD

app calculated with

the depth-average velocity, and open symbols represent CD
app calculated with the local velocity. The curve shows the experimentally determined

relationship between CD
app and B by Shields and Gippel (1995) for B < 0.3. For blockages less than about 0.3, the depth of the log in the water

affects the relationship between CD
app and B (see Fig. 3). The magnitude and scatter between CD

app and B are compatible with the data in Shields

and Gippel (1995). However, at larger blockages, no relationship is apparent between CD
app and B, and CD

appc 2.1.
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Fig. 6. Photograph of the Cultus River, central Oregon, USA. Note the person in the center of the photograph for scale. Owing to the nearly

constant discharge in this river (Manga, 1997), the wood is very stable.

Fig. 7. Relationship between debris spacing X/d (X is the distance between logs and d is the log diameter), the total stress s0, the grain stress, sGS,
and the woody debris stress, sLWD for the Cultus River. In these calculations, we used field-determined values of mean slope (s = 0.0035), mean

water depth (z̄ = 0.36 m), water velocity (ū = 0.36 m/s), X/d= 60, and CD
app = 2.
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where R is the hydraulic radius and s is the slope of

the energy gradient. Because Fr is small in the Cultus

River, s will be close to the water surface slope.

Assuming steady, uniform flow, s0 can be parti-

tioned between various components, each of which

characterizes a particular roughness element. We

will assume for simplicity here that there are only

two sources of roughness in the Cultus River: wood

and bed roughness. We can thus write

s0 ¼ sGS þ sLWD ð5Þ

where sGS characterizes the bed roughness and

sLWD is the stress borne by woody debris. sLWD

can be calculated by dividing the drag force acting

on woody debris, Eq. (1), by the area of the bed

the debris covers (e.g., Robert, 1997). A force

balance for these components can be written as

(e.g., Nepf, 1999)

q gz̄sb

#
s0

¼ qCBū
2

#
sGS

þ qCapp
D

d

2X
#

sLWD

ū2 ð6Þ

where CB is a drag coefficient for the bed and X is

the distance between logs. Following Manga and

Kirchner (2000), we can now solve Eq. (6) to

determine the effect of wood density on stress

partitioning, subject to the assumptions that the

discharge, channel width, slope, and size of bed

materials do not change. Fig. 7 shows the different

components of stress and total stress as a function

of wood density. Fig. 7 shows two of the signifi-

cant features of wood in rivers. First, as the density

of wood increases, the total stress increases because

the water depth increases (mean water depth is

proportional to s0). Second, the fraction of stress

borne by the bed decreases as the wood density

increases. The results shown in Fig. 7 are examples

of hydraulic processes with geomorphic implica-

tions that explicitly require knowledge of the drag

coefficients we determined in this study.

In summary, our direct measurements of the torque

required to hold circular cylinders at different depths

and orientations allow us to calculate the effect of

geometric properties on CD
app in natural stream set-

tings. These results contribute new information about

the effects of a rough bottom on the roughness pro-

vided by wood in rivers and add to previous exper-

imental work conducted by Gippel et al. (1996). Our

results suggest that the orientation and depth of a log in

a river have small effects on CD
app, although the local

velocity becomes important for calculating CD
app for

logs with diameters that are small relative to the water

depth. We find that the effect of blockage (B), the ratio

between the depth obstructed by the log and the water

depth, is consistent with the experimental findings of

Gippel et al. (1996) for small blockages (B < 0.3), but

have no measurable effect on CD
app at larger blockages.

We also assessed how adding branches to a log affected

CD
app. We found that the drag force did not change

when leafless branches were added, even though the

surface area of the log was increased, implying that

CD
app decreased.

In our study, not all effects could be assessed. In

particular, we did not account for effects caused by

bedforms that may be created by the addition of wood

to the channel. Nevertheless, our measurements pro-

vide improved estimates of CD that can be incorpo-

rated into models that require knowledge of the drag

on woody debris, such as those predicting the thresh-

old for wood mobility (e.g., Braudrick and Grant,

2000), wood stability (e.g., D’Aoust and Millar,

2000), and stress partitioning (Buffington and Mont-

gomery, 1999; Manga and Kirchner, 2000).
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