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ABSTRACT

A culvert is a covered channel designed to pass water through an embankment. The adverse
ecological impacts of road crossings on upstream fish passage has driven the development of
new culvert design guidelines with a focus on small-bodied native fish species and juveniles of
larger fish. Previous literatures focused on the usage of baffles and macro-roughness, although
these can drastically reduce the discharge capacity of the culvert. Such approaches have raised
concerns in relation to the total costs of these structures. Hence, new research was carried out
with the aim of developing fish friendly box culverts without altering the design capacity. The
study focused on the low velocity zones conducive of upstream fish passage. Detailed
turbulence measurements were undertaken in a near full-scale box culvert barrel. Velocity and
Reynolds stress measurements showed some strong secondary motion of Prandtl's second kind.
The channel boundaries and bottom corners contributed to the occurrence of low-velocity
zones. The characteristics of these low-velocity zones were carefully detailed. The results
demonstrated how the bottom corners in standard box culvert barrel can induce a strong flow
three-dimensionality, conducive of successful upstream passage of small-bodied fish.

INTRODUCTION

The movements of fishes in natural streams are impacted by in-stream man-made structures, including
road crossings and weirs (Warren and Pardew 1998; Anderson et al. 2012; Baumgartner et al. 2012).
These may prevent or reduce fish passage and cause fish mortalities and injuries. Fishes display a wide
range of biological adaptations linked to a broad variety of swimming techniques and performances in
response to different natural and man-made environment (Behlke et al. 1991; Mallen-Cooper 1996;
Olsen and Tullis 2013). The challenge in developing fish-friendly road crossings is knowing exactly
what the water is doing where the fish swims and what the resulting hydrodynamic interactions are. In
this study, small-bodied fish are defined as fish with body length lesser than 120 mm. With small-
bodied fish and juvenile of larger fish, the upstream traversability of the culvert barrel (Fig. 1) is a
massive obstacle, because of the high water velocities.

A number of field observations and near-full-scale prototype experiments demonstrated that small fish
predominantly swim upstream next to the bottom corners and sidewalls of box culvert barrel (Cahoon
et al. 2007; Blank 2008; Jensen 2014; Wang et al. 2016; Cabonce et al. 2019). The fishes use low-
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velocity zones (LVZs) as preferential swimming zones (Fig. 2). Recent detailed physical and numerical
CFD modelling characterised the geometric dimensions of these LVZs in standard box culverts
(Sailema et al. 2020; Leng and Chanson 2020, 2020b). Sailema et al. (2020) utilised different corner
baffles configurations to manipulate the LVZ zone. On the other hand, Leng and Chanson (2020b) used
hybrid modelling to characterised LVZ in different flow condition but without insights of the
hydrodynamic conditions in LVZ. Yet the hydrodynamic motion in a box culvert barrel leads to a
complicated fluid dynamics. The strongest turbulence is generated in the corner regions with their
effects seen in most parts of the channel (Prandtl 1952; Chanson 2019). Secondary currents develop as
a result of the hydrodynamic singularities generated by the corners (Fig. 2) and are associated with large
turbulent Reynolds stresses next to the singularities.

It is the aim of this study to characterise the complex turbulent flow motion in the low velocity zones
which are preferential swimming zones of small-bodied fish. This was achieved through some physical
modelling in a near-full-scale laboratory facility under controlled flow conditions.
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Figure 1. Standard box culvert structures. Left: outlet of 2 cells box culvert on Cubberla Creek,
Kenmore QLD (Australia); Right: outlet of multicell box culvert along Coolaba Creek,
Yeerongpilly QLD (Australia)
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Figure 2. Secondary circulation of Prandtl’s second kind in a box culvert barrel - Green shades
highlight the low-velocity zones

METHODS, FACILITY AND INSTRUMENTATION

The new laboratory experiments were conducted in a 15 m long 0.5 m wide horizontal rectangular
channel (Fig. 3). The invert of the flume was some smooth PVC and the sidewalls were in tempered
glass. The relatively-large-size flume acted at a near-full-scale single-box culvert barrel. The results'
extrapolation to larger culvert structures would be based upon a joint Froude and Morton similarity.
The geometric scaling ratio would range from 1:1 to 1:4 for typical precast concrete boxes between 0.5
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m and 2 m in width. The water was supplied by a constant head reticulation system feeding a 2.0 m
long 1.25 m wide intake basin, equipped with baffles, flow straighteners and three-dimensional
convergent section leading to the 0.5 m wide flume. The flume ended with a free overfall at the
downstream end.
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Figure 3. Experimental facility and instrumentation at the University of Queensland. a) Flow
conditions: Q = 0.0556 m?/s, d = 0.144 m, flow direction from foreground to background at x = 8
m, with the acoustic Doppler velocimeter (ADV) in operation. b) Longitudinal sketch of the
channel with flow direction from right to left. ¢) Top view of the channel

The flow rate was recorded using a Venturi meter placed on the pipeline coming from the head tank.
The meter was designed based upon (British Standard 1943) and built at the University of Queensland.
The error of the discharge was less than 2%. The centreline water depth was recorded with a pointer
gauge, with an accuracy of £0.5 mm. The water velocities were measured with a Dwyer® 166 Series
Prandtl-Pitot tube, with the opening parallel to the direction of flow and a Nortek™ Vectrino+ acoustic
Doppler velocimeter (ADV), equipped with a side-looking head. The Prandtl-Pitot tube consisted of a
(33.3 mm stainless steel tube, a hemispherical total head tapping (@ = 1.19 mm) and four equally spaced
static head tappings (@ = 0.51 mm) at 25.4 mm behind the tip. The ADV signal was sampled at 200 Hz
for 180 s at each location. All ADV signal data were post-processed to remove erroneous data and
spikes. Data with an average correlation of less than 60% and an average signal-to-noise ratio (SNR)
less than 5 dB were removed, and the signal was "despiked" using a phase-space thresholding technique
(Goring and Nikora 2002; Wahl 2003). The experimental flow conditions were documented with a
dSLR camera Pentax™ K-3iii for a high-resolution photographic record.

During this study, visual and free-surface observations were carried out for flow rates 0.029 m*/s < Q
<0.100 m%/s, and detailed velocity measurements were performed for Q = 0.0556 m?/s at a longitudinal
distance of 8 m from the start of the channel (x=8m). For a given flow rate, a total of 11 vertical profiles
with a total of 385 data points were recorded and analysed for ADV measurement, and 9 vertical profiles
with a total of 225 data points for pitot tube measurement. For pitot tube measurement, the vertical
profiles were located at y = 0.0016 m, 0.03 m, 0.165 m, 0.25 m, 0.335 m, 0.435 m, 0.47 m, 0.49 m and
0.4984 m. The vertical profiles for ADV measurement were located at similar locations as the pitot tube
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measurement, with some additional profiles at y =0.01 m, 0.065 m and the sidewall measurements were
carried out at y=0.005 m and 0.495 m, a maximum of 5 mm from the wall due to the limitation of ADV
in measuring points near the boundaries. y is the transverse distance from the right side of the channel,
looking downstream, and y = 0.5 m corresponded to the left side of the channel. Careful observations
and selections of the traverse locations were made to ensure the quality and the validity of the data.
Table 1 details the flow conditions for three discharges: Q = 0.029 m?/s, 0.0556 m*/s and 0.100 m?/s.

Table 1. Bed slope, Reynolds number and aspect ratio of the channel for all discharges involved
in the detailed flow investigations, Q = 0.029 m?/s, 0.0556 m®/s and 0.100 m%/s

Bed slope, 0| Width, B| Discharge |Depth, d Re Fr B/d at Comment
®) (m) (m3/s) (m) Xx=8m X=8m
0.0290 0.099 | 1.7E+05| 0.59 5.05
0 0.50 0.0556 0.144 | 2.8E+05| 0.65 3.47  |Smooth Channel
0.1000 0.207 |43E+05| 0.68 2.42
RESULTS

For all flow conditions, the open channel flow was subcritical, with Froude numbers less than unity.
All flows were turbulent since Re>10,000 and the flow conditions lie between smooth and fully-rough
turbulent flow.. The water level across the channel breadth was uniform. The bed slope was zero, and
the depth was larger than the critical depth. The free surface profiles for all the discharges under this
study were categorised as a H2 profile (Henderson 1966; Chanson 2004). The free surface
measurements were compared to the integration of the backwater equation, assuming a constant
equivalent sand roughness height, ks, in the fully developed flow region. The Darcy-Weisbach friction
factor f and roughness height ks were estimated based on the best data fit. For the present flow
conditions, i.e. 0.029 m?/s < Q < 0.100 m?/s, f and ks decreased from 0.0264 to 0.0216 and 0.0008 m to
0.0006 m respectively as the water discharge and Reynolds number increased. The trend in terms of
Darcy-Weisbach friction factor versus Reynolds number was in agreement to the Karman-Nikuradse
formula for smooth turbulent flow.

Figure 4 shows a typical contour map of time-averaged longitudinal velocity in the channel for a
discharge Q = 0.0556 m>/s. The boundary velocity was set to zero in accordance to the no-slip condition.
The bulk of the flow cross-section area corresponded to large time-averaged longitudinal velocities,
with maximum velocity Vmax/Vimean =1.09, with the bulk velocity Vimen = Q/A, Q is the volume flow
rate and A is the flow cross-section area. A slight assymmetrical flow condition in the cross-section was
observed for the time-averaged longitudinal velocity, which could be due to the flow condition when
water enters the channel on the upstream, reflecting and implying a similar flow that could be observed
in a real site. As the friction along the boundaries induced from momentum transfer from the high-
velocity regions, the longitudinal velocity was reduced in the vicinity of the invert and sidewalls.
Several regions of low velocities (i.e. LVZs) were seen in the bottom corners and next to the sidewalls
of the channel (Fig. 4).

The bottom corners played a key role of secondary currents because a transverse flow was directed
towards the corner as a direct result of turbulent shear stress gradients normal to the edge bi-sector
(Prandtl 1952; Gessner 1973). The secondary current map is shown in Figure 5 for Q = 0.0556 m’/s.
The velocities of the secondary currents at the channel centreline were near zero. For each side of the
channel, the current was circulating towards the wall from the centreline, forming two vortical cells
typical of Prandtl's second kind. The data indicated some secondary current magnitudes, i.e.
(Vy4+V A2 with a median value of 0.051 m/s and 90% percentile of 0.34 m/s, corresponding
respectively to 6.1% and 40% of the maximum velocity Vmax. A strong horizontal flow, i.e. [Vy| > 0,
occured near the free surface, as previously reported (Nezu and Rodi 1985). A downward flow motion
V, <0 was observed next to both sidewalls.

24



0 005 071 015 02 028 03 035 04 045 05

¥ (m)

Figure 4. Contour map of time-averaged longitudinal velocity, V, for Q = 0.0556 m?/s
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Figure 5. Velocity vector field of secondary current obtained from the measured Vy and V,,
for Q = 0.0556 m?/s, with the colour codes as the magnitude of the secondary current

In the time-averaged velocity field of the turbulent flow, a component derives from the extra apparent
stress Re,,, = pv,? normal to the face dydz of a small control volume (Bradshaw 1971). Similarly,
there are normal stresses pv,,2 and pv,? in the y and z directions. Tangential stresses that contribute to
an extra mean shear stress on the face dxdy, dxdz and dydz are denoted Rey,, = pv,v,), Rey, = pUyv,
and Re,, = pv, v, respectively. These extra turbulent stresses produced by the fluctuating motions are
named as the turbulent Reynolds stresses (Bradshaw 1971). The measurement and analysis of Reynolds
stresses are essential to locate the regions of high and low turbulence in the channel. For this study, the
velocity signal outputs were analysed to estimate the time-averaged normal and tangential Reynolds
stresses. The time-averaged Reynolds stresses Rexx, Reyy ad Rey, are plotted in Figures 6a, 6b and 6c¢,
as these contributed dominantly to the secondary current motion. Figure 6a is the contour map of the
Reynolds stress Rey in the longitudinal direction normal to the control volume face dydz. The data
showed higher longitudinal turbulent stresses next to the sidewalls and in the bottom corners, with lower
turbulent stresses in the central regions of the channel. The contour map of the tangential stresses with
the longitudinal velocity component, Rey, ad Rex,, are shown in Figure 6b and 6c. The data indicated
higher positive Reynolds stresses in the x-y plane next to the left sidewall whereas higher negative
Reynolds stresses were observed next to the right sidewall. Similarly, Figure 6¢ shows the higher
positive Reynolds stresses Rey, in the x-z plane next to the left side wall, with higher negative Reynolds
stresses next to the right side wall. Altogether, the present data demonstrated that the regions with the
highest turbulent stresses were located next to the channel boundaries, with the lowest turbulent stresses
about the channel centre, where the velocities were the largest. A similar observation was reported by
Hockley et al. (2014).
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Figure 6 Contour map of time-averaged Reynolds stresses for Q = 0.0556 m®s, d = 0.144 m. a)
Reynolds stress Rey in the longitudinal direction. b) Reynolds stress Reyy in the x-y plane. c)
Reynolds stress Reyy in the x-z plane

From the time-averaged longitudinal velocity contour plot, the relative size of LVZs were determined
for 30%, 50%, 70%, 85% and 100% of the bulk velocity Vmen. Basically, the relative LVZ area
increased with the percentage of bulk velocity (Figure 7). Such a relationship is relevant to various
stakeholders to identify the percentage of LVZ area for a wide range of dicharges and channel aspect
ratio. The present data were further compared to previous experiment data (Leng and Chanson 2020b)
in Figure 7. The comparison showed a similar data trend. The current data were scattered about the
mean trend proposed by Leng and Chanson (2020b). The differences were the largest for 85% and 100%
of the bulk velocity, with a closer agreement at lower relative velocities which could be due to the
different aspect ratio, channel roughness and different flow conditions and instrumentations.

In design practice, the longitudinal velocity is often the determining factor for upstream fish passage in
culvert barrel. Three small-bodied Australian and New Zealand native fish (i.e.length < 120 mm) were
selected to assess the traversability of the culvert barrel channel under Q = 0.0556 m?/s, based on the
present longitudinal velocity data and published critical swimming speed (Table 2). The critical
swimming speed (Uci;) is mainly used to assess the prolonged swimming performance, interpolated
from its final swimming performance as the maximum velocity the fish can keep swimming (Farrell,
2007). For each relative critical swimming speed Uecrit/ Vimean, the relative LVZ area was interpolated in
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Figure 7. A further physical constraint is the dimensions of the fish, in particular its height, relative to
the LVZ dimensions in the channel. For the selected fish species, the body height was larger than 10
mm, when the height of LVZ based on their respective Ucri/ Vimean ratio was less than 4 mm. Aside from
height consideration, fishes need additional spaces to manoeuvre. The LVZ size in the bottom corner
may be characterised by its diagonal length DL, with a proposed minimum requirement of 35 mm
(Chanson and Leng 2020). Altogether, the present detailed data set suggested that the single-box culvert
barrel channel under Q = 0.0556 m*/s would not be passable for all the three species.
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Figure 7. Dimensionless relationship between the percentage of bulk velocity and the
percentage of flow area. Comparison between present data (Q = 0.029 m?/s, 0.0556 m?/'s & 0.100
m?/s) highlighted in red, green and blue circular symbols and data from Leng and Chanson
(2020b)

DISCUSSION

The literature broadly acknowledged that fish prefer to swim upstream next to the culvert barrel
sidewall, irrespective of the species (Katopodis and Gervais 2016; Cabonce et al. 2019; Miles et al.
2021; Chanson and Leng 2020). In contrast, a few studies mentioned that fish prefer swimming in
regions with lesser turbulence (Hockley et al. 2014; Marsden et al. 2018; Muhawenimana et al. 2019),
although low velocity and low turbulence conditions are not the first preferred swimming location, e.g.
for juvenile Atlantic salmon (Enders et al. 2005). The present study confirmed that some higher
turbulence was observed next the sidewalls, in the low velocity zones and preferred swimming zones.
The finding is consistent with Cotel et al. (20006) stating that the lowest turbulence intensity are regions
with the fastest current. Studies showed that some fish species can sustain very high turbulent stresses,
e.g. Iberian barbel with minimum total length of 150 mm could occupy areas with Reynolds stresses up
to 60 Pa (Silva et al. 2011), while hydrid bass, rainbow trout and atlantic salmon can be exposed to
Reynolds shear stress higher than 50 Pa without significant mortality, even when exposed for more than
48 hours (Odeh et al. 2002). Hence, there is also a need to assess and consider the Reynolds stresses
each fish species can withstand when developing the design guideline for fish passage in a box culvert.

Noteworthily, the literature highlighed a lack of standardised testing methods for the fish prolonged
swimming speed (Kemp 2012; Katopodis and Gervais 2016). This was highlighted in the swimming
data reported in Table 2. Hurst et al. (2007) utilised the ramp velocity test to obtain Uci and the fish
was judged to fatigue when they were swept against the mesh. Svozil et al. (2020) used a 25 cm long,
7.1x5.2 cm? cross-section recirculating swim tunnel for the testing of critical swim speed. The authors
defined fish fatigue when the fish was swept against the mesh and unable to resume swimming for 30
s. Nikora et al. (2003) employed a recirculating flume for critical speed test with rough and smooth

27



channel. They assumed fish fatigue when the fish became impinged at the back screen for more than 30
s and refused to swim despite tapping and temporary flow reduction. Simply, the differences in defining
fatigue and its thresholds can influence the performance measurement, such as when incidental contacts
occurs in an automated system. Katopodis and Gervais (2016) argued that any design criteria based on
fish swimming to exhaustion is not realistic. In summary, there is an urgent need to standardise the
methodology for each fish test and develop other pragmatic parameters to quantify the fish swimming
speed volitionally for a realistic design of fish passage structures.

Table 2. Fish accessibility in the culvert with flow of Q = 0.0556 m?®/s, based on the critical
swimming speed of fish species and longitudinal velocity field in the channel

Fish Species | Fish Species Fish Mean fish Mean | Percentag | Percentage |Diagonal| Height
(Scientific (Common | Length, L | heightand | critical |e of Bulk |of LVZ area| Length, | of LVZ
Name) Names) (mm) width, H swim Velocity | in culvert DL (mm)
andW  |speed, Ugit| (%) for passage | (mm)
(mmxmm) | (m/s) (%)

Retropinna Australian |25 -57 ¥(14.0 x 45 ®| 0.466 © 59.6 7.08 11.0 4.0
semoni Smelt
Melanotaeni Crimson  |48.8+1.8/ 126 ® (H) | 0.44® 57.0 6.67 10.8 4.0
a duboulayi Spotted @

Rainbow fish
Galaxias Common 48+ 25 |10.0 x 8.0 ®/0.19-0.36| 35.6 3.40 10.6 2.5
maculatus Galaxias t091.8 + ®

(Inanga—New | 10.3®@

Zealand)

(") Standard Length (SL) of fish and the tested mean critical swimming speed (Svozil et al. 2020); (%) Mean Total Length of
fish and the tested mean critical swimming speed (Hurst et al. 2007); (*) Fork Length (LF), height of fish and the tested mean
critical swimming speed (Nikora et al. 2003); () Height of fish (Hendry et al. 2002) with similar body shape with Svozil et al.
(2020); (°) Body height of fish (McGuigan et al. 2003) with similar body length as Hurst et al. (2007).

CONCLUSION

Some new research was carried out with the aim of developing fish friendly box culverts without
altering the design capacity. Near-full-scale experiments were carried out in a box culvert barrel, 0.5 m
wide and 15 m long. Detailed velocity and turbulence measurements were undertaken for a range of
flow conditions, likely to correspond to less-than-design flood events, during which fish may attempt
to traverse the structure. In standard box culvert barrel, the turbulent Reynolds stresses were the highest
next the boundaries of the channel and in the bottom corners. The high Reynolds stresses and vigorous
secondary current motion of Prandtl's second kind favoured the development of large longitudinal
vortices. They were also conducive of low velocity zones along the culvert barrel boundaries, and such
regions are the preferential swimming zone of fish traversing upstream for a culvert structure. This
experiment utilised PVC and glass for the channel bed and sidewall, which is equivalent to a relatively
new smooth concrete. For older concrete channel, the boundary roughness ks value would be higher and
a larger LVZ area would be expected for an identical discharge.

While the literature covers many guidelines focused primarily on the longitudinal velocity as the basis
of fish passage design, this study demonstrated that a sound understanding of turbulence typology is
essential to solve the conundrum of fish passage at road-crossings. Future design guideline should
incorporate some form turbulence control for an optimum sizing of the culvert barrel.
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