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ABSTRACT 
River systems in forested catchments are affected by flow-wood interaction processes. There are benefits of 
having large wood (LW) in stream channels, yet large quantities of available wood in stream channels can also 
cause destruction, particularly at high rates of transfer and accumulation. Due to the destructive impacts on 
property, infrastructure and environment, a better understanding of the interactions between LW and flow 
hydraulics is required. Towards this aim, we have developed a fully scaled hydraulic flume experiment in the 
Water Engineering Laboratory at the University of Auckland, where LW movement behaviour and impacts on 
channel boundaries and hydraulic structures can be studied. To record the detailed movements of woody 
elements, we have employed six custom-designed smart sensors, implanted into wooden dowels and then 
released into the channel. The innovative smart sensors record detailed information on acceleration, rotation, 
and orientation in all three dimensions (nine-degrees of freedom). Real-time measurements of acceleration, 
angular velocity and magnetic field strength provide some novel insights into LW transport and deposition 
processes. Here we focus on the measurement of impact forces that arise due to interaction of a miniature log 
with channel boundaries and river crossing infrastructure. Impacts are captured at acquisition rates of up to 100 
Hz. Our methodology may be useful for obtaining high quality data of LW movement processes without the 
inherent limitations of field conditions, e.g. high turbidity, night time conditions and inclement weather. The 
results gained could be applied in future design measures for river crossing infrastructure and will inform 
freshwater and forestry management.  
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1 INTRODUCTION 
1.1 Large wood (LW) 

Changes in land use and climate have led to an increase in large wood (LW) in river systems (Phillips et 
al., 2018), resulting in a pressing need to gain a better understanding of flow-wood interaction processes. 
Although organic material plays an important role in a number of ecological and geomorphic processes in a 
river system (Megahan and Nowlin, 1976; Bilby and Likens, 1980; Harmon et al., 1986), overloading of wood 
can reduce these benefits, causing progressive harm to the ecosystem (Meehan et al., 1969; Elliot, 1978) and 
river crossing infrastructure (Schmocker and Weitbrecht, 2013; Rusyda, 2014). The majority of studies that deal 
with wood in streams defined LW as pieces with a minimum diameter of 0.1 m and a length of at least 1 m 
(Nakamura and Swanson, 1993; Martin et al., 2018). The variety of transported organic material ranges from 
fine material with a size of a few millimetres to entire trees with root wad and branches, measuring more than 
20 m in length. Remnants from commercial forestry sites, on the other hand, will have a different distribution of 
woody material, from clean cut logs with no branches and no root wads, to slash consisting of understory debris 
and branches stripped from mature trees. The composition of the LW load may result in different transportation 
processes, depending on contributions from different source areas. Slash from timber production is sometimes 
left behind on hill slopes where it may be mobilized during major precipitation events, with devastating 
consequences (Cave et al., 2017).  

Once recruited to the fluvial system, LW tends to accumulate at river crossing infrastructure, such as weirs 
and bridges, blocking or diverting flows and causing changes in hydraulic flow behaviour upstream. Several 
studies investigated blocked stream cross-sections (Schmocker and Hager, 2013; De Cicco et al., 2015; 
Gschnitzer et al., 2017; Schalko et al., 2018). In addition to damage from entrainment and undermining of 
structures, there are also impacts that can occur from logs strikes. This results in a need to better understand 
the trajectory of woody elements, from recruitment to accumulation stages, in order to improve riparian 
management, to design better river-crossing infrastructure, and to characterize the residence times of woody 
material along river corridors. Due to various limitations in current methodologies and tracking techniques, it 
has been difficult to effectively capture the dynamics of LW as it interacts with the many complex boundaries in 
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the river system, as well as with other mobile wood elements. In this paper, we introduce a new technique, using 
a smart sensor that can record the rotations and impacts of woody elements as they progress downstream. 

1.2 Smart sensors 
Smart sensors have revealed a very strong potential for revolutionising object tracking in hydraulic 

engineering and geosciences in recent experimental work. In the same way that colour tracers, radio frequency 
identification (RFID), and video tracking have spurred scientific progress in understanding particle movement, 
multi-degree of freedom smart sensors (Hiller et al., 2014; Goseberg et al., 2016), can provide enormous 
potential for LW-related studies. In contrast to bedload particle tracking applications, LW research entails only 
minimal size restrictions on the inertial measurement unit (IMU) and other components such as data storage 
and battery (Schneider et al., 2010; Chapuis et al., 2014; Tsakiris et al., 2015). In LW research, tracer elements 
can easily integrate GPS and RFID tracking (MacVicar et al., 2009; Ravazzolo et al., 2015; Wyżga et al., 2017), 
directly into the wooden object. LW smart sensors can therefore be equipped with high capacity batteries, 
internal memory and Wi-Fi, to enable even live-streaming between the tracked object and a stationary 
communication device. A traditional IMU consists of at least a gyroscope, for measuring angular velocity, and 
an accelerometer for measuring changes in velocity of the targeted object. More advanced IMUs may also 
incorporate measurement of the Earth magnetic field, using a magnetometer. All the individual sensor units are 
usually working in three dimensions in order to estimate parameters from movement for x, y and z of the local 
orientation system.  

An important research gap in LW studies is the assessment of impacts – for instance, assessing the 
magnitude and effectiveness of strikes on hydraulic structures, as a function of wood orientation and position 
within the flow. IMUs have previously been deployed to measure impact forces in medicine and sports (Worsey 
et al., 2019), as well as in automobile industries for crash tests (Xu et al., 2018). Haehnel et al. (2004) used a 
one-degree-of-freedom sensor, consisting of a stationary load cell in the flume and a moving log, for studying 
impact forces of LW on channel structures. Findings from their study revealed that the amplitude of impact is a 
function of log velocity, mass and the effective stiffness of the colliding objects. Impact loads scale up with 
increasing velocity, which is often closely related to water depth, and the mass of the impacting log (Como and 
Mahmoud, 2013). Previous studies further reveal that log orientation significantly influences the amplitude of 
impact. The maximum impact force occurs when the longitudinal axis of the wood log is parallel to the flow 
direction (Haehnel et al., 2004). 

1.3 Outlook and Objectives 
Smart sensors enable data collection in absence of daylight, in hazardous flood conditions, or even without 

access to a given river reach. High data capacity ensures very long data records, though a ‘smart’ IMU can be 
programmed to start measurements when experiencing motion (wake-up), or stop measurements when 
remaining static (sleep), which prolongs battery life-time and saves on memory storage. The accuracy and 
quality of the data is very high, relative to more conventional survey techniques. These features enable 
researchers to capture valuable movement and impact data, especially on the rising limb of a flood, and at high 
discharge rates. In general, it is very difficult to capture these flow scenarios in the field, as it is not possible to 
reach the site at critical intervals when wood mobilization and deposition take place.  

The application of smart sensors can be beneficial for LW impact studies (Goseberg et al., 2016). 
Therefore, we introduce the application of a smart sensor-based methodology in LW research with the focus on 
capturing straight impact forces. In this paper we demonstrate the performance of a state-of-the-art measuring 
technology by means of a hydraulic flume experiment, using a miniature LW dowel with implanted nine-degree 
of freedom smart sensor. We want to capture impact forces that arise for straight strikes (parallel alignment of 
the longitudinal axis with the flow) at river crossing infrastructure, channel boundaries and existing LW 
accumulations, in order to capture the most severe impacts (Haehnel et al., 2004).  

2 EXPERIMENTAL SETUP 

2.1 Hydraulic flume 
In the Water Engineering Laboratory (WEL) at the University of Auckland, a flume set up was designed 

especially for the purpose of LW research. The 6.3 m long and 1.5 m wide flume (Figure 1) was designed with 
a sinuous channel course, with live-bed conditions and fixed embankments. The lateral boundaries of the 
channel were fixed, using an 8 to 16 mm gravel and cement mixture, providing the rough shape of the channel 
with bars and a rock ledge. Angular gravel material, which was installed in the channel bed, consisted of a 
graded mixture in a range from 4 to 63 mm. About 4 m downstream the inlet, a bridge with a single row of piers 
represents a prototypical ‘constricted cross-section’. At the outlet structure, a fine screen collects floating 
material, and a sediment trap collects the remaining transported material. Shortly before the outlet, a tailgate 
allows for adjustment of water level. For the experimental setup, the tailgate position was set to a height that 
would not influence hydraulic flow conditions and would allow the collection of floating material while maintaining 
bedload transport processes at the downstream end of the flume. The flume was inclined at 0.02 m·m-1, 

characteristic of gravel bedload-dominated New Zealand steepland streams. Flow hydraulics are controlled by 
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an electro-magnetic valve and a header tank, maintaining a constant head elevation of 10 m. The flume is set 
up for discharge rates of up to 150 l·s-1. Furthermore, the flume is equipped with 1 m high glass walls, protecting 
surrounding measuring equipment from water splash. All conducted experiments are fully scaled at a 1:15 ratio. 

To supply sediment and wood throughout the experiments, a 3 m long and 0.5 m wide conveyor-belt feeder 
was designed in order to deliver coarse materials in a controlled manner to the channel, such as wooden dowels 
and large gravel particles. An intermediate gearbox enables high torque at consistent speed, resulting in very 
accurate supply rates. The conveyor-belt was set horizontally, with a solid board between the tail and head 
drums, to prevent sagging of the belt under load. Speed control of the discharging system was achieved using 
a control panel with potentiometer. The conveyor-belt setup allows for feeding rates exceeding 100 kg over 3 m 
length. 

In the downstream section of the flume, a ‘one-lane’ bridge was installed, spanning the channel at a height 
of about 240 mm above the gravel bed. Three cylindrical piers with a diameter of 20 mm are aligned in flow 
direction to support the bridge structure in the centre of the channel. The piers are made of solid polyvinyl 
chloride (PVC), showing high stiffness properties. Lateral foundations show trapezoidal abutments. According 
prototype scaling, the bridge dimensions correspond to a real-world structure with a width of 3.6 m and about 
22.5 m in length.  

Figure 1. Experimental setup of the flume with conveyor-belt feeder, channel and outlet structure from the top 
(a), side (b) and perspective view (c). 

2.2 Smart Sensors 
Six custom-designed smart sensor unites were built for our LW research. Each inertial measurement unit 

(IMU) consists of an accelerometer, gyroscope and magnetometer, which were encased in a cylindrical housing 
of 105 mm in length and 10 mm in diameter. The housing is fully water proof to a depth of 10 m for a period of 
24 hours. The actual IMU measures approximately 25 x 10 mm, however, the sensor unit is supplied with a 1.6 
V and 600 mAh battery that occupies most of the space. The battery enables a very long life time, whereas 
measured sensor data can either be directly streamed to the computer or saved on an internal memory. Data 
can then be quickly read out over a distance of up to 100 m. Sensor measurements are fully time synchronized 
and saved in raw, csv and txt format with time stamp and temperature for further processing. The accuracy of 
the individual sensor units is state of the art, ranging from a few mg for acceleration to a resolution of 0.1 °·s-1 
for measurements of angular velocity.  

The smart sensors were installed into wooden dowels (Figure 2). For the experiments, we considered up 
to five uniform wooden dowels, showing dimensions of 267 mm in length and 22 mm in diameter. These 
dimensions represent a commonly sized wood log with a length of 4 m and a diameter of 0.33 m in timber 
production. The dowels were prepared in the workshop at the University of Auckland, requiring precise milling 
works at the inside, to achieve exact alignment of sensor and dowel axes, but also for density compensation of 
the later inserted sensors. The final dowel density was set to 0.5 g·cm-3, in line with previous studies (Braudrick 
and Grant, 2000). After inserting the sensor unit centrally into the prepared wooden dowel, the ends need to be 
sealed. This is achieved using polyurethane (PU) foam for the outermost 20 mm, with another layer of hot-melt 
adhesive that includes ethylene-vinyl acetate (EVA) sealing the dowel caps. In order to protect the sensor unit 
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from PU foam pollution, an intermediate paper towel layer was created inside the wooden dowels. The total 
mass of a dry dowel with inserted sensor is 47.5 g.  

Figure 2. Smart sensors installed into miniature LW for application in the laboratory. 

3 METHODOLOGY 

3.1 Channel hydraulics 
For the initial LW impact force experiments, we considered a flow depth of two times the sensor-tagged 

dowel diameter. This resulted in a flow depth of 40 to 45 mm along the entire channel. Based on this boundary 
condition, a discharge of 10 l·s-1 was chosen. In relation to our experimental setup and the installed gravel bed, 
a discharge in this range appears relatively low. However, initial tests on our experimental setup for LW impacts 
have shown that a water depth of two times the dowel’s diameter performs very well in terms of dowel 
mobilization and transport. For prototype conditions, this scenario may be considered analogous to the rising 
limb of a flood event, or a slightly increased base discharge, capable of mobilizing LW. These low flow conditions 
had the further benefit of fewer changes imparted to the channel morphology during the experiments, which 
could affect LW transport due to realignment of rough channel elements. The applied experimental setup and 
hydraulic flow conditions enabled realistic and consistent conditions for testing impact forces of sensor-tagged 
miniature LW in the channel.  

3.2 Measuring impact forces 
The sensor data generated from the experiment allows to reconstruct the dowel’s movement behaviour on 

its journey downstream. Herewith we only focus on impacts forces, measured using the inertial acceleration 
unit. At a resolution of 0.5 milli-g (mg) our applied sensor unit measured acceleration forces in a range of -16 to 
+16 g. In order to capture the impacts at an appropriate resolution, we set the measuring frequency to 100 Hz.
We did not subtract the Earth’s gravitational effect, as data of the Earth’s gravity field can help to better
understand the sensor data at the evaluation stage.

3.3 Video footage 
In order to track the dowel movement during the experiments, two cameras – Microsoft Logitech webcam 

series – were installed, aimed at the bridge. One camera captured the reach one meter upstream from the 
bridge section from the top of the flume, whereas the other camera was positioned on the right-hand side, 
outside the flume, with a view of the bridge pier. The camera resolution selected was 854 x 480 pixels, which 
guaranteed simultaneous capture of the experiments in real time. Higher resolution cameras we tested have 
been shown to be unable to maintain a constant high frame rate when used simultaneously. The purpose of the 
cameras was for verification of sensor data and estimation of flow velocity of the sensor-tagged dowel. Analysis 
of individual frames using VirtualDub (2013) enabled velocity determinations, based on video footage. 
Information captured with the side camera provided valuable close-range views, and generally helped to support 
our interpretation of the sensor data and impact processes. 
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3.4 Experimental procedure 
In order to test sensor-tagged dowels for the application of measuring impact forces, an elementary 

experimental procedure is performed. Prior the experiment, the sensor-tagged dowel was soaked in water for a 
period of two hours, to enable realistic wetted condition of the tested miniature log. The weight of the wet, 
experimental sensor-tagged dowel was 50 g, resulting in a target density of 0.5 g·cm-3. Hydraulic discharge in 
the flume was set to a constant rate of 10 l·s-1. The sensor-tagged dowel was always placed at the same 
orientation relative to flume coordinates on the conveyor-belt, before data acquisition started, and the sensor-
tagged dowel fed into the channel at a speed of 3 mm·s-1. While the sensor was initiated, the two cameras 
began recording. After being released from the conveyor-belt, the dowel dropped roughly 0.5 m into the channel 
before being mobilised by the flow. Our impact tests were considered successful when the sensor-tagged dowel 
hit the bridge pier head-on, i.e., the x-axis of the dowel was oriented normal to the bridge. Measurements were 
automatically stopped after approximately one minute of data recording. The sensor-tagged dowel was then 
removed from the channel and memory was read out.  

4 RESULTS AND DISCUSSION 

4.1 Sensor data for acceleration 
The results and analyses presented in this section provide some insight into one experimental test for the 

LW impact force measurements. The following data were obtained using the green coloured smart sensor-
tagged dowel (Figure 2). 

The sensor-tagged dowel started data acquisition about 13 seconds before being released into the channel 
via conveyor-belt feeder. Continuous signals of almost 0 g were measured for the axes x and z, along the 
horizontal plane. The vertical axis, represented as y-axis, showed almost negative 1 g relative to Earth’s 
gravitational force. A slight deviation from the ideal acceleration force could observed for the y and z-axis, which 
was caused by imperfect alignment with the axes in our experiment, introducing a slight signal into each of the 
two axes.  

While the dowel was transported towards the edge of the conveyor-belt, it started to incline as it tipped 
over, which started to develop an acceleration force for the longitudinal axis (x). As before, the acceleration 
force was measured relative to the inclination to the Earth’s gravitational axis. As soon as the dowel leaves the 
conveyor-belt, a free-fall scenario is observed in the sensor data, where acceleration for all three axes decrease 
to zero. The subsequent impact in the channel is shown in Figure 3a (13.5 seconds), when a maximal negative 
acceleration for the longitudinal axis of 7.05 g was captured, meaning the sensor impacts straight on the channel 
bed. Shortly afterwards another strong signal was measured for the z-axis (-4.44 g), which represents a lateral 
impact when the sensor falls over from the vertically aligned position.  

Over the following five seconds, the sensor-tagged dowel was mobilised and transported downstream by 
the flow. As sensor data reveal, several rotations around the longitudinal axis (roll - Figure 2) occurred. At a 
time of 19.36 seconds, the dowel broadsides the channel boundary (rock ledge in Figure 1a), causing an 
acceleration signal of 3.86 g. With an alignment parallel to the flow direction, the dowel continued its journey 
downstream until it experienced a head-on impact with the bridge pier (Figure 4a-d). This impact is shown as 
the first of three significant acceleration signals on the x-axis.  

Figure 3b provides a detailed record of the impact series, consisting of the first impact (I) on the bridge 
pier, a rebound phase with subsequent impact (II) and the final deposition of the dowel. Sensor data for 
acceleration reveal that the second impact after rebound is of ~30% higher amplitude than the first impact (I) 
with measured 1.394 g. After the second impact (II), the dowel tended to move past the right side of the pier 
(Figure 4e and l). However, measurements of acceleration forces show lateral impacts for y and z-axis at a time 
of 24.09 seconds (Figure 3b), when the dowel accumulated in front of the bridge pier (Figure 4f and m). Sensor 
data for the remaining accumulation stage at low flow conditions show a slight fluctuation of the signals. 

Sensor data for acceleration reveal fluctuations in all three dimensions for the interval between 20 and 23 
seconds. The measured acceleration forces for posterior impact on the bridge pier are lower than the one from 
the impact on the rock ledge, yet, this phenomenon can be explained by flow-bed-dowel interaction processes 
which may have occurred continuously over the last three seconds before impacting on the bridge pier. These 
interactions between flow and channel bed can slow down the dowel’s travel speed and reduce impact forces 
significantly, as may be interpreted from the acceleration data. As observed before, when the dowel was 
transported on the conveyor-belt, the accelerometer measures almost 0 g for the longitudinal axis (22.75 
seconds in Figure 3b), 0.714 g in y direction and a negative 0.742 g in z direction. According to expectations, 
the resulting acceleration forces from y and z-axis result in the Earth gravitational force of 1 g.  
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Figure 3. Acceleration data obtained using the smart-sensor-tagged wooden dowel in the hydraulic flume. (a) 
Data series representing the full trajectory of the dowel, from delivery via conveyor-belt to deposition at the 
bridge pier. (b) Detail A, a higher resolution record, detailing the impact of the dowel upon the bridge pier. 

4.2 Change of impact direction 
After the first impact, which was generated due to the feeding process into the channel, our sensor data 

show a change from negative to positive acceleration force in the longitudinal direction for all remaining impacts 
(Figure 3a). Results reveal that the miniature log experienced a 180-degree rotation around the lateral axis 
(horizontal) after entering the channel. This motion is considered as pitch, illustrated in Figure 2, and describing 
the tipping of the front or back of the dowel along the vertical axis. This rotation can be observed in our sensor 
data as a change from negative to positive acceleration force. A rotational motion by 180 degree around the 
vertical axis (yaw) shows the same effect, however, our experimental setup and observations revealed that for 
this particular test a pitch of 180 degree occurred during the feeding process of the dowel (Figure 5).  
4.3 Travel velocity  
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Over the last meter before the impact with the bridge pier, a travel speed of the dowel of 0.53 m s-1 was 
estimated from video footage (compare Figure 4a- d). The entire travel time, starting with the mobilisation in the 
channel to the accumulation at the bridge pier, was determined to be 10.34 seconds using the sensor data 
records. The dowel remained in the deposited position, perpendicular to the flow (Figure 4f) until the end of the 
experiment. The experiment further reveals an average dowel travel speed of about 0.4 m s-1 from mobilization 
to accumulation.  

Figure 4. Sequence of movements and travel times for the sensor-tagged dowel. On the left-hand side, 
snapshots from the top camera are displayed (a to f), whereas the middle column shows snapshots from the 

side perspective on the bridge pier (g to m).  
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Figure 5. Schematic illustration of the smart-sensor-tagged miniature log and the feeding process into the 
channel via conveyor-belt. 

4.4 Nine-degree of freedom sensor data 
Results of the full nine-degree of freedom (9-DoF) dataset are presented. Figure 6 shows measured raw 

data from accelerometer, gyroscope and magnetometer. Sensor data show consistency at a very high level, 
demonstrating the excellent performance of the experimental setup, as well as the applied IMU for LW research. 
Gyroscope sensor data show some strong signals along the x-axis from 13 to 17 seconds, which can be 
interpreted as roll movement. Looking at the acceleration signal for this period of time, the signal for the 
longitudinal axis remains almost constant, while y and z-axis alternates in a range of positive to negative Earth 
gravitational force, also supporting the theory of rolling movement. Signals from magnetometer are ranging in 
between 50 and negative 100 µT (microtesla), representing the magnetic field strength in our tested 
environment. In the presented experiment, no significant signals were measured in angular velocity or magnetic 
field strength at the moment of impact, yet, it will be important to consider these signals for understanding log 
movement in channels in future work. Once the sensor-tagged dowel accumulated at the bridge pier (24 
seconds), signals for magnetic field strength remained within very small fluctuations, as expected when the 
dowel remains in a location, and angular velocity indicating the 90-degree yaw rotation (y-axis), as well as some 
rolling processes (x-axis), which are driven by lateral interaction with the flow. 

Figure 6. Measured data for acceleration, angular velocity and magnetic field strength from the smart sensor 
wood dowel. 
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5 CONCLUSIONS 
In this paper, we introduced an experimental laboratory setup and a smart-sensor-based methodology for 

measuring LW impact forces. We successfully demonstrated that smart sensors can be used for measuring 
impact forces of LW on channel boundaries and river-crossing infrastructure. We presented initial results for 
one test of an experimental series and discussed the data collected from the smart-sensor-tagged dowel. We 
compared the sensor data with video footage from two cameras. While the absolute measured impacts were 
relatively small, prior interactions with channel boundaries indicated significant potential for destruction. The 
experimental setup met key criteria for scaled simulation and provides proof-of-concept for the deployment of 
‘smart wood’ and data acquisition during transport and impact events. 

Our experimental observations are consistent with previous research, particularly in terms of log alignment 
with the flow and following a trajectory in the centre-line of the channel (Braudrick and Grant, 2001; Mazzorana 
et al., 2010; Davidson et al., 2015) for similar flow conditions and wood densities (Braudrick and Grant, 2000). 
Achieving this kind of similitude with field observations is important validation for laboratory work, and this 
provides some good scope for eventually bringing the smart wood technique to the field. Further cross-
comparisons will help to refine any potentially applicable scaling laws for future laboratory simulations. 

We have presented the potentials for application of nine-degree of freedom smart sensors in LW research. 
Our work aims to better understand LW processes in a watershed, beginning with mobilization and transport, to 
accumulation mechanisms in a stream channel. Sensor-tagged wood logs can play an important role for 
reconstructing the trajectory through the fluvial system, as well as capturing the magnitude and distribution of 
impact forces during transit. Often destruction is not the result of an individual impact, rather, it results from a 
series of significant impacts that lead to material fatigue and immediate damage. Protracted exposure to impacts 
can also lead to surface damage, resulting in corrosion and spreading damage over time. More advanced 
knowledge of impact forces will help to develop and design more resilient river crossing infrastructure, as well 
as managing and maintaining existing structures to reduce risk from LW effects. 
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