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ABSTRACT
The incipient motion conditions of large wood were tested in flume experiments using 48 handmade cylindrical logs of different lengths, diameters
and densities. Their orientation to flow determined the motion: parallel logs slid, while oblique or transverse logs rolled. Log orientation, channel bed
roughness, and log diameter had significance influence on entrainment depth. The logs’ density strongly influenced motion for logs parallel to flow.
Logs oriented parallel to flow needed large entrainment depth to entrain than similar logs oriented oblique or transverse. Logs denser than water had
high correlation with buoyancy, suggesting initial movement by floating, followed by either sliding or rolling downstream along the bed. From the
modelled datasets, our results guided by the goodness of fit demonstrate that the floatation thresholds taken from global datasets should be applied
with caution under different bed roughness conditions.

Keywords: Entrainment depth; orientation; rolling; sliding; wood density

1 Introduction

The availability of large wood in streams is influenced by
the forest type and by the principal recruitment process (e.g.
landslides, fluvial transport from upstream, floodplains and
hill slopes, and bank erosion) (Ruiz-Villanueva, Wyżga, Zaw-
iejska, Hajdukiewicz, & Stoffel, 2015). Extensive literature
exists on the physical and ecological effects of wood in streams.
Wood can become entrapped at critical points along a stream
(e.g. at bridges, thus damaging the piers) and alter the flow

pattern, which might further influence local scour and deposition
(Bocchiola, Rulli, & Rosso, 2006a; Mazzorana, Hübl, Zischg,
& Largiader, 2011). It may alter stream geomorphology (Abbe
& Montgomery, 2003; Nakamura & Swanson, 1993), obstruct
its flow, and thus cause flooding (Mazzorana et al., 2011).
Wood can also develop diverse habitats (Carlson, Andrus, &
Froehlich, 1990; Inoue & Nakano, 1998), mediate stream tem-
perature (Richardson & Moskal, 2016), rehabilitate habitats,
aid the regeneration of assorted riparian plants through an
increase in organic matter (Aumen, Hawkins, & Gregory, 1990;
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Bilby & Ward, 1991), influence urban watercourses (Allen,
Arthur, Haynes, Wallis, & Wallerstein, 2014), and influence the
abundance and diversity of fish and invertebrates in streams
(Fausch & Northcote, 1992; Smock, Metzler, & Gladden, 1989).
In reservoirs and estuaries, large wood can complicate reser-
voir management and influence the economics of fisheries. Log
jams formed upstream of reservoirs can result in catastrophic
disasters when breached (Comiti, Lucía, & Rickenmann, 2016).
Baillie and Davies (2002) observed that wood partially buried in
a natural bed and aligned oblique or perpendicular to flow had a
greater influence on channel morphology than did wood aligned
with the flow. Wood removal, especially from mountain streams,
may cause a temporary surge in sediment yield that is an order
of magnitude greater than the annual average, which would
alter the downstream morphology through increased deposi-
tion at sink sites (Jackson & Sturm, 2002). More recently,
Bertoldi, Welber, Mao, Zanella, and Comiti (2014) explored
the way in which wood introduced to riparian vegetation can
transform a braided channel into a wandering or single-thread
planform. They further illustrated wood retention in the pres-
ence of riparian vegetation influencing the channel form and
flow dynamics.

Transportability and deposition of large wood depend signifi-
cantly on the geometric characteristics of the stream (e.g. width,
shape of the bank and gradient), the flow velocity, the water
depth, and the presence of riparian vegetation (Braudrick, Grant,
Ishikawa, & Ikeda, 1997; Martin & Benda, 2001; Richard-
son & Moskal, 2016; Seo & Nakamura, 2009). Other factors
include the geometry of the wood itself (length, diameter, etc.),
its density, presence or absence of branches, orientation rela-
tive to flow, and buoyancy depth (Abbe & Montgomery, 2003;
Buxton, 2010; Latterell & Naiman, 2007; Warren & Kraft, 2008;
Warren, Kraft, Keeton, Nunery, & Likens, 2009).

Several studies have investigated the mechanism (i.e. the
physically based quantification) of partially submerged wood
entrainment in rivers and in flume experiments (Bocchiola,
2011; Bocchiola et al., 2006a; Bocchiola, Rulli, & Rosso,
2006b; Braudrick et al., 1997; Gippel, Finlayson, & O’Neill,
1996). Braudrick and Grant (2000) and Nakamura and Swan-
son (1993) observed that short logs can travel farther than long
logs, which are more likely to become lodged or trapped by veg-
etation or boulders. The diameter strongly influences the depth
of flow required to entrain and transport logs (Bilby & Ward,
1991; Braudrick & Grant, 2000). Increasing the log density also
increases the water depth required for entrainment (Braudrick &
Grant, 2000).

Braudrick and Grant (2000) assumed that the incipient
motion of wood was sliding, and considered three orientations
of a wood piece to the flow direction (i.e. parallel (θ = 0°),
oblique (θ = 45°), and transverse (θ = 90°)) in flume experi-
ments. They developed theoretical models and examined thresh-
olds for wood entrainment in streams based on force balances.
Merten et al. (2010) gives a detailed explanation of these forces
stating that an object in a stream is mobilized when the forces

acting in an upstream direction were lower than those acting in
the downstream direction. Following the work of Braudrick and
Grant (2000), Bocchiola et al. (2006a) developed wood entrain-
ment models considering two different entrainment mechanisms
for logs parallel and transverse to the flow. Their prevailing
mechanisms of incipient motion were assumed to be sliding and
rolling, respectively, in each case. They found that the equi-
librium equations of incipient motion are very sensitive to the
choice of appropriate water velocity profile affecting the force
balances. However, they provided a snapshot on the range of
wood densities (320–740 kg m−3) to that observed in real rivers.

Although the shape of the bank, wood branches and the pres-
ence of riparian vegetation can also influence the movement
thresholds of wood as illustrated by Davidson, MacKenzie, and
Eaton (2015), this study considers simplified channel conditions
and only focuses on the movement of individually handmade
cylindrical log pieces. Although such a condition is rarely found
in the natural environment, a simplified set-up is adopted to
allow rigorous investigation of the wide range in wood densities
employed. This study presents a theoretical model derived from
Braudrick and Grant (2000) that aims to handle logs oriented
at any arbitrary angle to the flow direction, and further anal-
yse their incipient motion in channel beds of varying roughness.
Relationship between the log characteristics and flow depth is
investigated, and finally we explore the effects of a wide range
of densities on the dynamics of incipient log motion.

2 Materials and methods

2.1 Flume settings

The experiments were carried out in a 0.6 m-wide, 0.6 m-high,
and 11 m-long flume. The bed slope of the flume was set at 0.006
to provide a comparable test environment to that of Bocchiola
et al. (2006b). Two types of flume beds, representing a finer
(ds = 0.005 m) and a coarse (ds = 0.008 m) bed roughness were
investigated. In each case the grain lining was fixed with cement
to the channel bottom to form a rigid bed, along which the water
depth and velocity were kept uniform and steady. The set-up is
outlined in Fig. 1.

2.2 Log characteristics

Cylindrical logs manufactured from Shorea laevis tree species
were used for the experiment. They covered a wide range
of densities (ρlog) from 428.29 to 1142.43 kg m−3, span-
ning four density–range models (Table 1): model A (428.29–
674.58 kg m−3), model B (676–769.07 kg m−3), model C
(873.7–922.91 kg m−3), and model D (929.97–1142.43 kg m−3).
To ensure that the density of the logs did not change dur-
ing the experiment, we repeatedly coated (five coatings) the
logs with resin, and a visual inspection of the logs after the
experiments showed no signs of abrasion. Additionally, a few
logs were weighed to double check if their densities changed
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Figure 1 Schematic configuration of the flume (not to scale); Alog is cross-sectional area of the log in the plane perpendicular to the flow, W is the
channel width, and dw is the entrainment depth of the log

Table 1 Characteristics of the log models

Model No. Dlog (m) Llog (m) Llog /Dlog ρlog(kg m−3) Model No. Dlog (m) Llog (m) Llog /Dlog ρlog (kg m−3)

A 1 0.030 0.155 5.000 428.29 C 1 0.051 0.248 7.506 873.70
2 0.030 0.300 6.617 506.89 2 0.040 0.298 6.300 876.12
3 0.050 0.199 9.900 547.42 3 0.030 0.199 3.760 881.02
4 0.039 0.150 4.993 560.96 4 0.039 0.200 4.012 895.17
5 0.040 0.249 8.300 568.34 5 0.030 0.150 5.000 895.22
6 0.039 0.300 6.300 594.62 6 0.050 0.149 4.980 896.55
7 0.030 0.198 3.760 625.26 7 0.050 0.300 6.022 908.40
8 0.039 0.200 4.012 640.27 8 0.030 0.255 2.987 909.99
9 0.050 0.249 7.506 651.78 9 0.040 0.200 4.012 912.14

10 0.030 0.250 2.987 664.76 10 0.040 0.251 8.300 918.10
11 0.030 0.201 3.760 672.88 11 0.051 0.200 9.900 919.06
12 0.049 0.150 4.980 674.58 12 0.039 0.150 4.993 922.91

B 1 0.050 0.300 6.022 676.00 D 1 0.051 0.149 4.980 929.97
2 0.040 0.294 6.300 681.19 2 0.030 0.299 6.617 930.88
3 0.040 0.149 4.993 693.42 3 0.030 0.249 2.987 932.66
4 0.049 0.248 7.506 701.74 4 0.051 0.301 6.022 933.15
5 0.030 0.152 5.000 732.12 5 0.040 0.150 4.993 934.62
6 0.049 0.198 9.900 745.47 6 0.039 0.249 8.300 944.59
7 0.040 0.199 4.012 747.66 7 0.050 0.200 9.900 959.39
8 0.049 0.302 6.022 749.52 8 0.030 0.200 3.760 959.64
9 0.029 0.249 2.987 751.26 9 0.030 0.299 6.617 962.82

10 0.030 0.296 6.617 753.24 10 0.030 0.149 5.000 965.99
11 0.040 0.250 8.300 764.49 11 0.050 0.249 7.506 1129.11
12 0.049 0.149 4.980 769.07 12 0.039 0.300 6.300 1142.43

and there were no variations observed. Logs with three differ-
ent diameters (Dlog = 0.03, 0.04 and 0.05 m) and four lengths
(Llog = 0.15, 0.20, 0.25 and 0.30 m) were tested. The densities
were chosen such that they covered all of the cases observed in
real rivers. The slenderness of the logs (i.e. the length-to-width

ratio: SL = Llog /Dlog) ranged from 2.9 to 10. Three different ori-
entations of the logs relative to flow were considered, namely
parallel (θ = 0°), oblique (θ = 45°), and transverse (θ = 90°).
Considering the different lengths, diameters and densities, a total
of 48 logs were made (Table 1). Each log was tested twice in
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each of the three initial orientations and in both flume beds,
giving a total of 288 tests.

2.3 Friction angles

Twelve logs were used to measure friction angles. These logs
had a combination of three different diameters (Dlog = 0.03,
0.04 and 0.05 m) and four lengths (Llog = 0.15, 0.20, 0.25 and
0.30 m). The friction angle of each log at each rigid bed was
measured by tilt testing in dry conditions (Bocchiola et al.,
2006a). In this method, the log starts horizontally on the sur-
face, which is then inclined in small increments until the log
starts moving. Twelve logs in three initial orientations on the
two flume beds were tested, giving a total of 72 tests. Three tri-
als were repeated for each test to minimize the effects of local
disturbance, and an average value was taken for each initial
orientation on each bed.

2.4 Measurements of flow depth

Experiments were performed under steady as possible flow con-
ditions to test the initial stability of the logs. Each test log
was placed in the middle of the flume, and the water became
gradually deeper by increasing its discharge in increments of
0.0002 m3 s−1. Water depth slightly increased by about 2 mm
in 25 s to maintain steady flow. When the log started mov-
ing, it was considered to have lost stability. Visual assessment
was used to detect incipient log movement. For each log, the
experiment was run three times to minimize experimental vari-
ability, and the average values of water depth and flow velocity
were used. Water depth measurements were taken using a point
gauge at 0.05 m intervals in both streamwise and spanwise direc-
tions within a 0.6 m2 area around each log, and the average
entrainment depth (dw) of the log was measured after it was
removed.

2.5 Calculations of flow velocity and Froude number

Surface velocity was measured by particle tracking in the pres-
ence of logs and after the logs were removed following the
works of Braudrick and Grant (2000), and converted to mean
velocity (U) by Eq. (1) (Hinze, 1975):

Uy − Uh

U∗
= −5.75 · log

(y
h

)
(1)

where Uy is surface velocity; h, water depth without the log; Uh,
velocity at depth y; and U∗ bed shear velocity ( = √

gRS, with g
being gravitational acceleration, R hydraulic radius, and S slope
of the channel bed). In simpler terms, when y/h � 0.42, Eq. (1)
can be expressed by Eq. (2):

U = Uh − 2.17U∗ (2)

2.6 Statistical analysis

Observed data were subjected to one- and two-way anal-
ysis of variance (ANOVA) using SigmaPlot version 12.5
(www.systatsoftware.com). Tukey post hoc tests were used to
test for significant differences at p < 0.05 and to test log char-
acteristics significantly influencing entrainment depth under the
different channel bed configurations (0.005 m and 0.008 m).

3 Models of wood incipient motion

The initiation of log entrainment can be predicted using the fol-
lowing parameters: the log orientation with respect to flow, the
channel slope, the Froude number (F), and the friction angle,
density, length, diameter, and drag coefficient of the log (Boc-
chiola et al., 2006b; Buxton, 2010; Haga, Kumagai, Otsuki, &
Ogawsa, 2002). Our models simplify the calculations by con-
sidering only the log and flow characteristics, while ignoring
the channel shape, riparian vegetation, and obstructions.

This study summarizes the models proposed by Bocchiola
et al. (2006b) and Braudrick and Grant (2000), and considers
two different entrainment mechanisms (sliding and rolling) for a
partially submerged log in three different orientations (parallel,
oblique, and transverse) to a steady flow.

3.1 Logs oriented parallel to flow (incipient motion by
sliding)

A theoretical equation considering the balance of forces was
derived to describe the entrainment of smooth cylindrical logs
oriented parallel to the stream flow. The friction force (Ff ) pre-
venting the log’s motion is balanced by the component of its
weight in the flow direction (Fg) and the drag force exerted by
the flow (Fd) on the log, as shown in Fig. 2a. Therefore, when
the log is on the point of sliding, the sum of the two driving
forces is equal to the friction force, and the equilibrium equation
yields:

Ff = Fg + Fd (3)

The Fg component of weight in the downstream direction is
equal to:

Fg = (ρloggD2
logLlog − ρwgDlogLlogdw) sin α (4)

where α is the bed slope, and ρw is the water density.
The equation of the downstream drag force depends mainly

on the drag coefficient of the log in the water (CD) and its
submerged area:

Fd = 0.5ρwCDU2(Llogdw sin θ + Dlogdw cos θ) (5)

The Ff acting on the log in the upstream direction is the prod-
uct of the normal force (Fn) and the friction coefficient (tanφ)
between the log and the bed (Braudrick & Grant, 2000; Merten
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(a)
(b)

Figure 2 Forces acting on the log at incipient motion: (a) sliding and (b) rolling

et al., 2010). The lift force on the log and the effects of iner-
tial forces, unlike in sediment transport, are neglected here,
because logs are usually not fully submerged (Alonso, 2004).
The friction force is given by:

Ff = Fn tan φ = (ρloggD2
logLlog − ρwgDlogLlogdw) cos α tan φ

(6)
where φ is the friction angle between the log and the chan-
nel bed. Therefore, when the log is on the point of sliding, the
equilibrium equation can be expressed as:

(ρloggD2
logLlog − ρwgDlogLlogdw)(cos α tan φ0 − sin α)

= 1
2
ρwCDU2(Dlogdw) (7)

where φ0 is the friction angle when the log is parallel to the flow
direction (i.e. θ = 0°).

3.2 Logs oriented oblique and transverse to flow (incipient
motion by rolling)

Logs oriented transverse and oblique to flow force will roll
rather than slide. Rolling occurs when the moment resulting
from the flow force is greater than the moment from the nor-
mal force (gravity–buoyancy force) of the log. The equilibrium
equation for a log on the point of rolling with zero net moment
(Fig. 2a) can be expressed by:

Fnb1 = Fgb2 + Fdb2 (8)

where b1 is the arm distance of the gravity component normal to
the channel bed, and b2 is the arm distance of both the drag and
gravity components parallel to the bed. From Eqs (4–6), Eq. (8)
can be written as:

(ρloggLlogD2
log − ρwgdwDlogLlog)(cos α tan φ90 − sin α)

= 1
2
ρwCDU2(Llogdw) (9)

where φ90 represents the friction angle while the log is oriented
transverse to the flow direction.

Comparing the momentum equations of rolling and sliding
(Eqs 7 and 9), reveals that the only difference between them is

φ0. Therefore, both momentum equations yield:

(ρloggLlogD2
log − ρwgdwDlogLlog)(cos α tan φθ − sin α)

= 1
2
ρwCDU2(Llogdw sin θ + Dlogdw cos θ) (10)

where φθ is the friction angle of the log at an arbitrary angle θ

to the flow direction.
Then, according to Bocchiola et al. (2006b), Eq. (10) can be

expressed as a dimensionless group:

Y∗
w = ρwdw

ρlogDlog
= Cr

1 + CDX ∗
S,R

(11)

where the subscripts S and R of X ∗ denote the sliding and rolling
motion, respectively. Cr is a fitting parameter, with Bocchiola
et al. (2006a) suggesting a value of 1 for logs submerged in
undisturbed water depth:

X ∗
S = 1

2
U2

gLlog

1
(cos α tan φ0 − sin α)

(12)

X ∗
R = 1

2
U2

gDlog

1
(cos α tan φ90 − sin α)

(13)

X ∗
S,R in Eqs (12 and 13) represents the relationship between the

drag force and friction. The parameter Y∗
w represents the relative

buoyancy, and can be represented as the ratio of water depth and
the diameter of the large wood. Bocchiola et al. (2006b) reported
that Eqs (11–13) can be applied to determine the stability of
large wood: if the data for a log lie below a certain curve in the
X ∗

S,R − Y∗
w plane, the log is stable; otherwise, it will move.

4 Results and discussion

In our experiments, F (U/(gdw)0.5) ranged from 0.25 to 0.72,
while the Reynolds number (Re), = Udw/ν (with U and ν denot-
ing the mean velocity and the kinematic viscosity of water,
respectively), ranged from 1.2 × 103 to 1.7 × 104. Both num-
bers are consistent with those reported by Bocchiola et al.
(2006b), which were used for establishing the log stability crite-
ria. Their ranges are somewhat representative of the flow depths
(up to 0.1 m) and velocities (up to 1 m s−1) occurring in natural
streams for low flow conditions.
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Figure 3 Friction angles of logs on two channel beds and at three orientations to the flow. Each square represents the mean value; error bars
represent the range. Box charts not sharing a letter are significantly different

4.1 Friction angles and log incipient motion

The results show that the friction angle depends on the bed
roughness and the initial orientation, regardless of the log length
or diameter (Fig. 3). A log initially parallel to flow (for incipient
sliding motion) will have a friction angle negatively correlated
with the bed roughness; in contrast, the correlation is positive
when the log is initially oriented oblique or transverse to the
flow direction (for incipient rolling motion).

For a given channel bed material, the largest friction angle
was found for logs oriented parallel to flow, followed by oblique
and then transverse orientations. This resulted from the fric-
tion angle of sliding motion being greater than that of rolling
motion, which agrees with the findings of Bocchiola et al.
(2006b). The measured friction angle for sliding on the fine bed
(ds = 0.005 m) is about 19.3°, which is significantly (ANOVA:
F(98.803) (p = 0.000) higher than that for rolling (Table S1 in
supporting information). For the coarse bed (ds = 0.008 m), the
friction angles are 17.8° for sliding and 6.4°–9.1° for rolling, as
shown in Fig. 3. The friction angle for sliding is greater than
that of rolling by over 10°. However, the difference between the
friction angles of logs oriented 45° and 90° is less than 5° for
either channel bed setting but is still statistically significant.

Braudrick and Grant (2000) described the incipient motion
of the logs by two main mechanisms according to their orienta-
tion. For logs parallel to flow, the mechanism of motion begins
by sliding, usually followed by pivoting after hitting a particle
obstruction, and then rolling in the flow direction. For logs trans-
verse or oblique to flow, the motion begins by rolling in the flow
direction, with occasional rotation around its axis temporarily
changing the orientation to the flow. The force on logs oblique
to flow can be divided into transverse and parallel components.

Our results show that the friction angle of a log oblique to flow
was significantly greater (Fig. 3) than that of a log transverse to
flow. The friction angle for rolling is smaller than that for sliding
(Fig. 3); therefore, the incipient motion of logs oblique to flow
is rolling.

4.2 Diameter, length, and bed roughness

Log diameter is the strongest factor controlling stability (Brau-
drick & Grant, 2000). Increasing Dlog from 0.03 to 0.05 m
(i.e. by 66%) significantly increased (ANOVA: F(60.700),
p = 0.000) dw by up to 59% for logs oriented parallel to the
flow and by up to 30% (ANOVA: F(33.372), p = 0.000) for
pieces oriented oblique and transverse (ANOVA: F(34.453),
p = 0.000) to the flow (Table S2). Correlations, r2 reached 0.72
for logs oriented parallel to flow. Logs oblique and transverse to
flow yielded almost similar correlations, r2 ∼ 0.6. These results
indicate that an increase in Dlog for a log oriented parallel to
flow leads to a greater increase in entrainment depth than that
for a log oriented oblique or transverse to the flow. Moreover,
increasing Dlog from 0.03 to 0.04 for logs oriented transverse to
flow did not result in a significant increase (ANOVA: F(22.993),
p = 0.055) in entrainment depth (Table S2). We further inves-
tigated the influence of the different log densities based on the
models outlined in Table 1 under the different bed configura-
tions. For logs parallel to flow, all models, A to D indicate
that more than 90% of the variance in entrainment depth can
be explained by the log density in both bed roughness con-
figurations (Fig. 4). Logs oblique to flow suggest that log
density in the range 428–769 kg m−3 (Model A and B) are bet-
ter correlated to entrainment depth, while under ds = 0.008 m,
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Figure 4 Entrainment depth (dw) for logs of different Dlog , and orientations on beds of different bed roughness; (a) to (c) is under ds = 0.005 m and
(d) to (f) is under ds = 0.008 m

correlations are generally higher for all the log density range.
Model C (873.7–922.91 kg m−3) had the least correlation under
ds = 0.008 m, while the rest of the models had r2 greater
than 0.55.

Weak linear correlations (maximum of r2 = 0.2) between
Llog and dw, and the non-significant effects of Llog on entrain-
ment depth were observed in the tested logs (Table S3). Fg

dominates Fd in controlling the stability of a log in the flume
when the log is parallel to flow, because the longer the log,

the higher the Fg force needed to stabilize it. This implies that
a longer log needs a greater dw to trigger entrainment when
it is parallel to flow. Moreover, the increase in dw is not sig-
nificant for logs either parallel (ANOVA: F(0.093), p > 0.05)
or oblique (ANOVA: F(1.189), p > 0.05) to flow. Only an
increase (in Llog) from 0.15 to 0.30 m for logs transverse to flow
is significant (ANOVA: F(1.189), p = 0.0126) (Table S3). For
logs parallel to flow, dw increases slightly (by 4.7% and 4.3%
respectively, in the ds = 0.008 m and ds = 0.005 m channel
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Figure 5 Entrainment depth (dw) for logs of different lengths (Llog), and orientations on beds of different bed roughness; (a) to (c) is under
ds = 0.005 m and (d) to (f) is under ds = 0.008 m

beds) as Llog increases from 0.15 to 0.30 m. However, when the
log is oblique or transverse to flow, Fd is the dominant force
triggering entrainment. This means that the logs need relatively
lower dw to entrain as the orientation angle between flow direc-
tion and log length increases. Figure 5 shows weak correlations
within the different models. Logs parallel and oblique to flow
had the least correlations, while logs of lower density (Model
A, 428.29–674.58 kg m−3) had a better correlation, r2 = 0.21

under logs oblique to flow. When logs are oriented transverse to
flow and are on a fine bed, they explained better the variance on
the entrainment depth as illustrated by Fig. 5e and f. For exam-
ple, Model A under ds = 0.005 m had r2 = 0.41, while under
ds = 0.008 m, r2 was 0.13.

Logs in the coarse channel bed entrained at a greater dw than
those in the fine channel, especially when oblique or transverse
to flow (Figs 4 and 5): dw in the coarse channel bed was on
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average 1.0%, 16.7%, and 16.8% greater than in the fine chan-
nel for logs parallel, oblique, and transverse, respectively, to
the flow. In Table S4, the change in dw between the two-bed
configurations is shown to be statistically different, and so are
the different orientation angles. Figures 4 and 5 further show
the pronounced entrainment depth of the denser logs (Model C
and D, 873.7–1142.3 kg m−3) when logs are oriented parallel to
flow under both bed configurations. In the other log orientations
(oblique and transverse to flow), there is a slight difference in
the entrainment depth between the different density model.

In summary, increasing the bed roughness led to greater
entrainment depths at any orientation angle; however, longer
logs need lower entrainment depths when oblique or transverse
to the flow.

4.3 Blockage ratio

Braudrick and Grant (2000) indicated that θ affects the condi-
tions of its incipient motion. The blockage ratio (Alog/Af ) is
defined as the cross-sectional area of the log (Alog) in the plane
perpendicular to the flow divided by the flow area (Af = W dw,
where W is the channel width); it is plotted for various set-ups in
Fig. 1. The blockage ratios in the coarse bed were approximately
the same as those in the fine bed, and increased with increasing
log diameter for all three orientations, especially parallel. The
ratio ranges were 0.040–0.071, 0.202–0.396, and 0.248–0.503
for logs oriented parallel, oblique, and transverse to the flow,
respectively.

Figure 6 shows the relationship between relative entrain-
ment depth (dw/Dlog) and Alog/Af , and the results show no
statistically different (ANOVA: F(0.927), p > 0.05) entrain-
ment depth increase (Table S5). Logs oriented parallel to flow
are relatively stable, as characterized by their greater dw/Dlog

under both ds = 0.005 m and 0.008 m (Fig. 6b). Parallel logs of
Dlog = 0.003 m have a higher average dw/Dlog (0.828 ± 0.127)
than the other diameters. Logs of Dlog = 0.003 m also show
higher values when oriented oblique or transverse to the flow:
the highest average dw/Dlog for oblique or transverse logs of
Dlog = 0.003 m is 23.9% greater than the lowest value for simi-
larly oriented logs of Dlog = 0.005 m. The relative entrainment
depth is generally higher under the coarse bed; moreover, it is
accompanied by poor correlations. Correlations are less than
0.05 for logs oblique and transverse to flow, while under the
fine bed, correlations reach 0.33 (Fig. 6b).

4.4 Density

Relationships between dw/Dlog and relative density (ρlog/ρw)
are shown in Fig. 7. The range of ρlog/ρw is between 0.429
and 1.145, with a mean of 0.802 ± 0.159. The relative entrain-
ment depth has a strong positive correlation (r2 = 0.82) with
ρlog/ρw when the logs are parallel to the flow, and a slight posi-
tive correlation when they are oblique (r2 = 0.07) or transverse
(r2 = 0.01). The regression equations in Fig. 7 show that as

ρlog/ρw increases over the considered range, dw/Dlog increases
by 71.9%, 16.2%, and 4.1% when the logs are parallel, oblique,
and transverse to flow, respectively. Correlation is slightly better
(r2 = 0.84) for logs oriented parallel and oblique (r2 = 0.07) to
flow in a coarse bed when compared to a fine bed (r2 = 0.81
and 0.06, respectively). Conversely, when logs are oriented
transverse to flow, correlation is slightly better under the fine
channel bed.

These results are similar to the findings of Braudrick and
Grant (2000). Overall, our observations show that the parallel
orientation is most stable, and that narrower logs are more sta-
ble than wider logs when oriented oblique or transverse to the
flow. Furthermore, increasing the density of a log greatly stabi-
lizes it. This is evident from Fig. 7 where the entrainment depth
almost doubles when the relative density is increased from 0.4 to
1.2 for oriented parallel to flow. The findings are in line with in
situ observations, such as Costigan, Soltesz, and Jaeger (2015).

4.5 Model of logs incipient motion

The plot of Y∗ against X ∗for the different bed roughness and
a fitting equation for all the experimental results are shown
in Fig. 8. The figure also shows the flotation threshold and
log stability curve for our results. Two major modes generally
drive log entrainment in rivers (Bocchiola et al., 2006b; Brau-
drick et al., 1997; Braudrick & Grant, 2001). First, a log can
float downstream when the water is sufficiently deep to buoy it.
Second, a log can roll or slide while in contact with the bed.
Haga et al. (2002) described a controlling factor, the flotation
threshold (Y∗ = ρwdw/ρlogdlog), to discriminate between float-
ing and rolling or sliding. When Y∗ exceeds unity, logs will
float. However, the water depth around the log is disturbed
as the log is immersed, which leads the buoyancy force to be
less than that occurring under hydrostatic conditions (Bocchi-
ola et al., 2006b). Our experimental results show an average
flotation threshold of Y∗ = 1.24 is approached as X ∗ tends to
zero (i.e. at low flow velocity), Fig. 8. A finer channel bed,
ds = 0.005 m indicates slightly higher values for the floatation
threshold (1.26), while in the coarse bed, the floatation threshold
decreased (1.21). Additionally, the buoyant term strongly cor-
relates (r2 = 0.8) to the friction term for the fine channel bed.
Based on the best fit of the two datasets (0.005 m and 0.008 m
bed roughness), we conclude that the logs in this study move
by floating for Y∗ > 1.24 and entrain in contact with the bed
for Y∗ ≤ 1.24. The assessment approach followed the work of
Bocchiola et al. (2006b). Moreover, the floatation thresholds
taken from global fit should be applied with caution under dif-
ferent bed roughness conditions as illustrated by Fig. 8. From
our experiments, few logs oriented parallel to flow fell to a con-
dition described by the aforementioned authors, only floating
suggesting logs periodically touched the bed.

Gippel et al. (1996) and Crosato, Rajbhandari, Comiti, Cher-
radi, and Uijttewaal (2013) demonstrated that CD, depends on
F and Re, Alog/Af , and the log slenderness. The blockage ratio
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Figure 6 Relationship between blockage ratio (Alog/Af ) and relative entrainment depth (dw/Dlog); (a) grouped by log diameter and (b) grouped by
bed configuration. Regressions were obtained from logs oblique and transverse to the flow direction

Figure 7 Relationship between relative entrainment depth (dw/Dlog) and relative density (ρlog/ρw), (a) θ = 0°, (b) θ = 45° and (c) θ = 90°

affects the interaction of wood and the flow velocity, thus influ-
encing F and Re and CD (Shields & Gippel, 1995; Wallerstein,
Alonso, Bennett, & Thorne, 2002). Values of CD can range
from 0.3 to 9.0 (Crosato et al., 2013; D’Aoust & Millar, 2000;

Manners, Doyle, & Small, 2007). Our estimated value of CD

is 2.58 (and thus within the above range), and is shown in
Fig. 8. This value was estimated from the best fit of all the
experimental data. The value of CD greatly affects dw. Drag
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Figure 8 Plot of Y∗
w against X ∗

S,R and fitting equation for incipient log motion. Log stability curve is derived from Eq. (11). Dark shaded and light
shaded areas represent confidence and prediction bands, respectively at 95%

Figure 9 Regression lines for Y∗
wagainst X ∗

S,R for three different relative wood densities and two different bed roughness

decreases with decreasing length (and is dependent upon the
orientation), because free-stream pressure decreases (Shields &
Alonso, 2012; Wallerstein et al., 2002). Our results show that
the function of Y∗ with respect to X ∗ represents the log stabil-
ity curve, which discriminates between stable and unstable logs.
Data points lying above the log stability curve represent logs
with a higher potential to be entrained. Conversely, a log will
mostly be stable on the bed if its Y∗ versus X ∗ point lies below
the curve.

Ruiz-Villanueva, Piégay, Gaertner, Perret, and Stoffel (2016)
showed that increasing the wood density greatly reduces log
mobility. Figure S1 illustrates that increasing the relative density
lowers the buoyant term, Y∗ and that Y∗ decreases with increas-
ing the friction term, X ∗. This implies that logs of lower ρlog/ρw

can be easily moved by shallower water, especially if they are
oblique or transverse to the flow (in the X ∗ range from 0.2 to 1).
In Fig. S1, higher relative density strongly correlates (r2 = 0.98,
r2 = 0.87 for the 0.005 and 0.008 m bed configurations,
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respectively) to the buoyant terms, whilst low relative den-
sity yields the least correlation (r2 = 0.60) in both bed
configurations.

Figure 9 shows regression lines for plots of Y∗ against X*
for the two different bed configurations and three relative den-
sities of the logs. Logs of ρlog/ρw < 1.0 show an obvious
divide between the different driving forces of their incipient
motion at X ∗ = 0.1. When X ∗ < 0.1, buoyancy is the major
driving force. Buoyancy increases and Ff of the bed rough-
ness reduces as the water depth increases, and the log will
be entrained downstream once the critical entrainment depth
is reached. According to Bocchiola et al. (2006a); Bocchiola,
Rulli, and Rosso (2008), the area of contact between the log
and the bed is positively correlated with resistance to motion;
therefore, logs on the fine bed need greater Y∗ than those on
the coarse bed to become entrained. The major driving force
shifts from buoyancy to gravity and drag force when X ∗ > 0.1.
The log needs to overcome bed roughness to be entrained; there-
fore, logs on the coarse bed will need more entrainment depth
than those on the fine bed. Buoyancy remains the major driv-
ing force for logs of ρlog/ρw > 1.0, regardless of whether X ∗

is < 0.1 or > 0.1.

5 Conclusions

Flume experiments characterized the incipient motion thresh-
old of logs, giving consideration to several properties of the
logs (length, diameter, and density), their orientation to flow,
and the roughness of the bed. As found in previous studies,
sliding and rolling were the main mechanisms of incipient
motion for logs oriented parallel and transverse to the flow
direction, respectively. Our results also found rolling to be the
main mechanism of incipient motion for logs oriented oblique
to the flow direction. The log orientation, channel bed rough-
ness and Dlog had significant influence on the entrainment depth
and dynamics of movement. Increasing Dlog from 0.03 to 0.05 m
significantly increased, p = 0.000, dw by up to 59% for logs ori-
ented parallel to the flow and by up to 30% (p = 0.000) for logs
oriented oblique and transverse to flow. An orientation paral-
lel to flow caused the logs to be most stable against movement,
due to higher friction angles and greater surface area exposed to
flow. This work primarily considered a wide density range, and
found that density substantially affects log buoyancy and mobil-
ity. Logs whose ρlog/ρw was below 0.6 had weak correlations
(r2 = 0.6) with the buoyant terms under both bed configura-
tions and increasing density strengthened these correlations. As
the ρlog/ρw increased from 0.429 to 1.145, the relative depth
increased by 71.9%, 16.2%, and 4.1% when the logs are par-
allel, oblique, and transverse to flow, respectively. Buoyancy is
the main driving force when the relative density of the log is
greater than one, while gravity and drag dominate as the relative
density of the log becomes less than one, depending on the
flow velocity and log orientation. Future research will consider

larger log length-to-diameter ratio with different oblique
orientations.
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Notation

Alog = cross sectional area of the log in the plane perpendic-
ular to the flow (m2)

Af = flow area (W dw) (m2)
B = blockage ratio (–)
CD = drag coefficient (–)
Dlog = log diameter (m)
ds = particle diameter of the rigid bed roughness (m)
dw = averaged water depth at entrainment (m)
F = Froude number of log (–)
Fd = drag force (N)
Ff = friction force (N)
Fg = gravitational force (N)
Fn = normal force (N)
g = gravitational acceleration (m s−2)
Llog = log length (m)
R = hydraulic radius (m)
Re = Reynolds number (–)
S = slope of flume (–)
SL = slenderness of the log (SL = Llog/Dlog) (–)
U = mean velocity (m s−1)
U∗ = bed shear velocity (

√
g · R · S) (m s−1)

Uh = surface velocity (m s−1)
Uy = velocity at depth y (m s−1)
W = width of flume channel (m)
XS,R

∗ = dimensionless ratio of drag force and friction force
(–)

Y∗
w = dimensionless relative buoyancy (–)

ν = kinematic viscosity of water (m2 s−1)

https://doi.org/10.1080/00221686.2019.1625816
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ρ log = log density (kg m−3)
ρw = water density (kg m−3)
α = bed slope (–)
θ = log orientation to the flow direction (°)
φ = the friction angle between the log and the channel

bed (°)
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