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Abstract: There are many styles of river training structures within the spectrum of groynes or spurs.  One 
of those styles is the use of short spurs or groynes that are angled downwards from the top of the bank 
and are pointed upstream.  The arrangement creates eddies on both the upstream and downstream sides 
of the structure, and a mid-stream scour location away from the spur.  In this way, the shape of the 
structure results in the river bank being protected by water flow patterns instead of rock, and protected 
during all river stages.  This style of groyne is referred to as a repelling groyne.  The characteristics of 
sloped-crested repelling groynes are not well documented by the literature.  The paper will describe the 
hydraulic characteristics of this style of spur based on 2D modelling, and will present several examples 
that have been constructed along the Bow River in the City of Calgary after the June 2013 floods in 
Alberta. 

1. BACKGROUND 
 
The Bow and Elbow Rivers are the primary water courses within the City. The river flows originate in the 
snowpack and glaciers of the Rocky Mountains and traverse the foothills before reaching the City on the 
edge of the Prairies. The upstream reach of the Bow River and its tributaries are controlled by several 
hydropower structures. Within the City, the Bow River is joined by several streams (Elbow River, Nose 
Creek, Fish Creek and Pine Creek). Major floods have occurred on the Bow River in 1879, 1897, 1902, 
1929, 1932, 1995 and 2005. Major floods are commonly associated with high rainfall or rain-on-snow 
events in the May to July period. The drainage area of the Bow River at Calgary (WSC Station 05BH004) 
is 7,868 km

2
.  

 
In late June 2013, an intense low pressure system entered southern Alberta near the Alberta-Montana 
boundary. Upon reaching Alberta the system, due to the counter-clockwise circulation, began to draw 
warm moist air from the Gulf of Mexico, and forcing it upslope along the east frontal ranges of the 
Canadian Rockies where it cooled, giving rise to persistent high intensity rainfall all along the foothills and 
mountain areas from Waterton to Jasper. The June 18 to 22, 2013 rainfall event in southern Alberta had 
rainfall accumulations of up to 255 mm over a 24-hour period and 348 mm over the 72-hour storm 
duration. The severity of the June 2013 flood event was an equivalent to a 100-year return period within 
the City of Calgary (Golder 2014). This corresponds to preliminary estimates, provided by The City of 
Calgary, indicating that the flow rate in the Bow River at the peak of the flooding was close to the 
estimated 100-year flood peak flow and close to the predicted 100-year flood level. 
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The flood caused severe shoreline erosion along the Bow River, up to 150 m in some areas within the City 
limits, damaging roads, pathways, and city utilities.  The flood also caused large gravel bars to form and 
divert the thalweg.  Together, the shoreline erosion and gravel deposits along the inside meander bend 
resulted in a net migration of the Bow River that caused damage to nearby infrastructure. 
 
As part of the flood response, the City identified several sites which experienced severe erosion with 
damaged infrastructure that required an immediate response as the flood waters subsided.  Emergency 
work was mobilized, designs were developed to reinstate the infrastructure and protect the bank, and 
construction was carried out with environmental regulatory approvals. 
 
Four of the critical erosion sites incorporated repelling (upstream orientated) groynes into the design for 
bank protection during large floods. This paper documents the design of these groynes, including the 
hydraulic performance of emergency groynes that were constructed during the flood.  A summary of the 
Bow River within the critical erosion sites are shown in Table 1. 
 

Table 1.  Summary of Critical Erosion Sites along the Bow River in the City Calgary 

Groyne Parameter 
Site 

Sunnyside Hillhurst Inglewood Douglasdale 

River Substrate cobbles cobbles cobbles cobbles 

Hydraulic Gradient (m/m) 0.0019 0.0018 0.0013 0.0015 

Bend Radius (m) 250 600 500 500 

River Width* (m) 100 100 100 125 

Bank Erosion (m) up to 15  up to 10 30 to 60 up to 15  

2-Year Flow (m
3
/s) 411 423 481 481 

100-Year Flow (m
3
/s) 1,470 1,710 2,500 2,500 

* estimated at the 2-year water level 

 
 
2. BANK PROTECTION USING GROYNES 

 
2.1 Bank Protection Measures 
 
Stream bank erosion typically occurs when high shear stress at the stream bank causes fluvial erosion 
and bank undermining (Fox et al. 2005). Severe stream bank erosion can damage or impair critical 
infrastructure within the floodplain. The most common approach to addressing stream bank erosion in 
cities is to harden the bank.  This often solves one problem but can create undesirable consequences 
such as loss of fish habitat and erosion of the stream bed.  Alternative “soft” engineering measures have 
been gaining popularity.  As part of this trend, the use of hydraulic structures to divert erosive flows away 
from susceptible stream banks has gained increased support in recent years (Shields et al. 1998; Johnson 
et al. 2001). 
 
Typically hydraulic structures which deflect high velocity water away from river banks are more 
environmentally acceptable than traditional measures such as riprap which deter the establishment of 
vegetated stream banks (Fox et al. 2005). These hydraulic structures also create resting pools for fish and 
facilitate bio-diversity for aquatic species creating a more acceptable stream bank mitigation strategy 
(Klingeman et al. 1984; Mayerle et al. 1995; Przedwojski et al. 1995; Shields et al. 1998; Shamloo et al. 
2001; Kuhnle et al. 2002).  Examples of hydraulic structures used for maintaining streambank stability by 
deflecting erosive flood flows away from the bank include: groynes, spur dikes, fences, logs and woody 
debris, bendway weirs, and vanes (Fox et al 2005). 
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2.2 Groynes 
 
A groyne is a structure or series of structures installed along a bank for erosion control, flow control, or to 
maintain flow depth along the main channel.  These structures are commonly used for river training to 
promote channel navigation and bank stabilization and/or to provide additional environmental functions, for 
which the counter-current or eddies near the groyne provide aquatics some habitat diversity and low-
velocity shelters during floods (Fox et al. 2005). 
 
The desired functions can be controlled by several design features, including the groyne orientation, 
spacing between groynes, crest elevation and slope (Alvarez 1989; Richardson et al. 1975; Przedwojski et 
al. 1995).  Definitions for these design parameters are illustrated on Figure 1.  Current literature for the 
sloped-crest groynes focused on simple structure geometries and flume tests (i.e., a trapezoidal plate) 
(Francis et al. 1968; Uijttewaal et al. 2001). 

 
Figure 1: Groyne design features 

 
2.2.1 Groyne Length 
 
The length of a groyne should depend on the desired function, and is sometimes limited by environmental 
constraints.  The length is often constrained to between a lower limit equivalent to the mean bankfull 
depth, up to an upper limit of ¼ of the river width (Alvarez 1989, Richardson et al. 1975, Przedwojski et al. 
1995). 
 
2.2.2 Groyne Anchor 
 
A groyne should be anchored into the bank to prevent outflanking due to erosion around the groyne along 
the bank side.  Outflanking is the most likely failure mode for a groyne.  It can occur if the groyne is 
overtopped, or if erodible bank materials are susceptible to the eddy velocity upstream or downstream of 
the groyne.  The size of the anchor, in terms of the length into the bank, should be a site-specific 
determination. 
 
2.2.3 Groyne Orientation 
 
Groynes may be oriented perpendicular to the flow or be inclined either upstream or downstream. The 
orientation angle (Θ) affects the nearby velocity field and sediment deposition pattern.  A groyne pointing 
downstream is an “attracting” groyne (Θ>90°), which re-directs the flow towards the near bank when the 
groyne is overtopped. “Repelling” groynes point upstream (Θ<90°) and deflect the flow away from the 
bank when overtopped (Yossef 2002).  
 
A repelling groyne tends to cause deposition along the bank both upstream and downstream of the groyne 
(Yossef 2002), while an attracting groyne creates near bank scour along the face of the groyne, and then 
creates scour along the downstream bank after the groyne is overtopped.  Groynes that are perpendicular 
to the flow tend to provide protection over a shorter distance, but similarly create deposition areas 
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between the groynes when the structure is not overtopped. Perpendicular or downstream-pointing groynes 
are primarily used to improve navigation (Yossef 2002). 
 
Investigations by Kuhne et al. (2002) of various groyne orientation angles revealed that an upstream 
pointed groyne (Θ = 45°) minimizes the amount of potential erosion of the channel bank while providing 
improved aquatic habitat. Additional research has also shown that the downstream protected stream bank 
region is maximized when the groyne is pointing upstream (Θ=60°) (Francis et al. 1968; FHWA 1984).  
 
2.2.4 Groyne Spacing 
 
The spacing between groynes is measured as the distance along the bank between the groyne tie-in 
locations at the top of the stream bank.  The appropriate spacing can be a function of river width, groyne 
length, flow velocity, the groyne orientation angle, bank curvature, and style of purpose.  The spacing is 
often expressed as a multiple of the groyne length (L/ℓ).  Recent studies by Kang et al. (2012) for 
perpendicular orientated groynes (Θ=90°) demonstrate that spacing between 6 to 12 groyne lengths will 
reduce the near bank velocity by up to 60% compared to the velocity within the thalweg. Therefore, the 
near-bank velocities would be reduced but the residual (eddy) velocity may still be relatively high. 
 
Various studies have recommended optimal spacing guidelines for groynes. Generally, the literature 
recommends spacing of groynes (L) between 3 to 6 times the projected groyne length, ℓ (Richardson 
1975; Varshney and Mathus 1972; Copeland 1983; Klump and Baird 1992; FHWA 1985; Kang et al. 
2012). 
 
2.2.5 Crest Slope 
 
Crests may be either level or sloping downwards from the bank towards the end of the groyne. Richardson 
(1975) and Yossef (2002) note that sloping-crested groynes pointing upstream work best for bank 
protection whereas level crested groynes orientated perpendicular or downstream work best for navigation 
controls. For bank protection, sloping-crested groynes are recommended by Alvarez (1989) with a slope of 
0.1 to 0.25 (4H:1V to 10H:1V) due to their advantages of reducing scour at the end of the groyne. 
 
A sloping-crest groyne allows the structure to partially or fully submerge without altering the nearby pattern 
of re-directing the flow (Lloyd and Stansby 1997; Fritz and Hager 1998, Yossef, 2002). The sloped crest 
reduces the need for excessive stability measures in high flows and promotes the formation of eddies and 
sediment deposition on the leeward side of the downstream structure (Shamloo et al. 2001; Uijttewaal et 
al. 2001; Fox 2005). 
 
2.2.6 Crest Height 
 
Most studies indicate that the crest elevation of groynes should be at least as high as the bank (Yossef 
2002). Sloping crests may be tied in to the bank at a relatively low elevation compared to level crests.  
Groynes with level crests should be designed with a sufficient crest height to avoid overtopping.  Any flow 
overtopping of the groyne will likely result in erosion along the downstream interface between the groyne 
and the bank. 
 
 
3. HYDRAULIC PERFORMANCE OF REPELLING GROYNES 
 
The hydraulic performance of repelling groynes are described in the following sections, based on field 
applications of several structures for the City of Calgary in response to the 2013 flood.  The comments on 
hydraulic performance are based on field observations of emergency (temporary) structures that were 
installed during the flood, and on hydraulic model analysis. 
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3.1 Resistance to Erosion 
 
A repelling groyne utilizes the overall shape to provide additional resistance to erosion in additional the 
natural resistance of individual rocks.  First, the downward pointing crest results in water streaming over 
the crest at a right angle.  This re-directs the flow angle and causes an eddy to form on both sides of the 
groyne.  The resulting slower velocity within the eddy flow reduces the erosion potential along the bank 
and along either side of the groyne crest.  Second, the high velocity along the crest is resisted by the 
overall structure instead of individual rocks that might otherwise roll away.  This is facilitated by the 
upstream orientation of the leading rocks.  The water velocity will tend to push the rocks into the 
neighbouring rocks behind the leading rock, and thereby creating additional structural integrity compared 
to standard riprap revetments of equivalent rock sizes.  This structural advantage is likely limited to rock 
sizes that can be knitted together without allowing a raised profile among the individual rocks.  A raised 
profile might allow an individual rock to roll. 
 
The local change of the flow pattern near a repelling groyne typically results in local scour off the toe along 
the downstream side of the groyne.  This is a result of changing the trajectory of the flow over the groyne 
crest, producing a local acceleration and turbulence along the downstream face of the groyne crest. 
 
3.2 Field Observations during the 2013 Flood 
 
A series of repelling groynes were constructed during the flood emergency where extensive erosion 
threatened critical infrastructure along the Bow River.  The emergency structures were constructed using 
available materials while the river was still near the peak level and flow.  At one site (Inglewood) 
approximately four groynes were installed over a 400 m stretch of river using a variety of available material 
(concrete barriers, rock, and sand bags). The groynes pointed upstream by about 45

o
, were spaced about 

100 m apart, had a length ranging from 5 to 8 m from the top of bank, and were sloped from the top of the 
bank towards the river.  The initial groyne had the immediate effect of stopping the rate of erosion from 
about 1 m per hour to virtually zero.  The groynes created eddies on the upstream and downstream sides 
of the structure where the flow had previously had high velocity against the near-vertical bank.  The 
emergency groynes continued to be monitored as the flood water receded.  The groynes continued to 
establish similar eddy patterns along the bank over a wide range of flow conditions; some of groynes 
settled over time, but all of them survived the flood essentially intact.  The Inglewood emergency groynes 
are shown on Figure 2. 
 

 
Figure 2: Emergency groynes in Inglewood 
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3.3 Hydraulic Model Simulation 
 
River2D, a two-dimensional, depth-averaged hydrodynamic and fish habitat model was used to calculate 
the expected hydraulic performance of the groynes in terms of upstream water levels and flow velocity 
near the bank.  The model is a public domain tool developed at the University of Alberta (Steffler and 
Blackburn, 2002).  The model has been verified in the past with experimental and field results. The 
hydrodynamic component of the River2D model is based on the two-dimensional, depth-averaged 
St. Venant equations expressing the conservation of water mass and moment components in two 
directions.  The depth and discharge intensities in the two respective coordinate directions were the 
dependent variables in the model.  Velocity distributions in the vertical direction were assumed to be 
uniform and pressure distributions are assumed to be hydrostatic.  These assumptions do not accurately 
reflect the field conditions, and therefore can only be used to provide an approximate representation of the 
hydraulic variability in the vicinity of the groynes. 
 
A triangulated mesh was used to represent river bed conditions in the vicinity of the proposed bank 
protection works, with side lengths of 2 m along the outside bend and 5 m side lengths for the remaining 
model domain. Steady state simulations were only conducted for the 100-year flood flow.  The model was 
calibrated based on the 2013 flood event by matching the estimated peak flow to high water marks 
surveyed by the City of Calgary.  The estimated peak flows for each of the sites were based on a 
combination of hourly gauge station data along the Bow River below Bearspaw Dam and the Elbow River 
at Glenmore Dam, plus ungauged inflow estimates for Nose Creek and other small tributaries, plus a 
nominal allowance for a higher instantaneous peak. 

The channel roughness was adjusted to minimize the differences between simulated and measured water 
levels during the June 2013 flood peak.  The equivalent roughness height (k) was used as the primary 
calibration parameter. The calibrated model difference between the simulated and observed high water 
marks was generally less than 0.3 m for all of the studied sites. A sensitivity analysis was also used to test 
the influence of varying roughness values.  Generally the roughness height was 0.25 m for the main 
channel, 0.6 m for the overland flow areas with vegetation, and 0.40 for the overland flow areas without 
vegetation.  The results of the sensitivity analysis indicated that simulated water levels vary by up to ±0.04 
m if the roughness is varied by ±20%. 

The calibrated model (post-flood, pre-construction of bank protection) was then updated to include the 
proposed hydraulic structures within the vicinity of the site.  Simulated upstream water levels were 
compared to pre-flood levels estimated by Golder using a 2D hydraulic model (Golder, 2012). The water 
levels upstream of the critical erosion sites were estimated result in a similar (or lower) peak level, 
compared to the estimated flood levels prior to the June 2013 flood. Flow velocity along the bank was also 
estimated to determine the effect of the groynes and the need for additional bank protection measures. 

The depth-averaged flow velocity over the groynes for all sites was estimated between 4 m/s and 4.5 m/s.  
The velocity along the toe of the bank revetment between the groynes was generally estimated between 
1 m/s and 3 m/s. A typical pattern for the flow velocity along the bank and around the groynes for one of 
the critical erosion sites (Douglasdale) is shown on Figure 3. 

The hydraulic model also provided a reasonable estimate of observed eddy flow patterns near the 
groynes.  The simulated flow patterns (eddies) around the groynes near Hillhurst are shown on Figure 4, 
and Douglasdale on Figure 5.  The figures also show that the groynes deflect the highest flow velocity 
from the bank with a zone of lower flow velocity near the bank.  These model estimates have not been 
compared to actual field measurements. 
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Figure 3: Flow velocity along the bank in Douglasdale 

 

 
Figure 4: Flow velocity along the bank in Hillhurst 
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Figure 5: Flow velocity along the bank in Douglasdale 

 
 
4. SELECTED DESIGN APPROACH FOR THE CITY OF CALGARY 
 
The observed and modelled hydraulic characteristics provided the design basis for permanent bank 
protection along critical erosion sites within the City of Calgary.  The permanent protection measures were 
designed in 2013 and installed in 2013 and 2014.  The following is a summary of the selected design 
parameters: 

 Repelling groynes that were constructed during emergency conditions were utilized as part of the 
final design, resulting in the following attributes: 

o Groyne length equivalent to 20% of river width, based on the projecting length to the toe 
at the bottom of the river 

o 45
o
 orientation angle 

o 70 m to 120 m spacing, depending on site conditions 
o 4:1 (H:V) nominal crest slope 
o 2:1 (H:V) side slopes 
o Class II or III angular riprap rock (d50 = 500 mm or 800 mm) depending on site conditions 

 Bank restoration near the groynes: 
o Rock apron toe protection 
o Riprap bank protection to the 2-year flood peak 
o Bench width of 2 m (minimum) 
o Vegetated bank at 3:1 (H:V) nominal slope, varying with site conditions 
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Pre-construction and post-construction photos of the restored river banks at Hillhurst and Sunnyside are 
shown on Figure 6 and Figure 7. 
 

  

Figure 6: Pre and post construction photos at Hillhurst site  

  

Figure 7: Pre and post construction photos at Sunnyside site 
5. DISCUSSION 
 
The field application of using repelling groynes was tested under extreme flooding conditions along the 
Bow River in Calgary during the June 2013 flood.  Several groynes were constructed during the 
emergency when flood waters were still near peak flow, for the purpose of preventing further damage to 
infrastructure.  These hydraulic structures successfully prevented further erosion where they were applied.  
Subsequent flood recovery works utilized these groynes within the final bank restoration design. 
 
Observations after the flood were consistent with hydraulic model analysis to suggest that the groynes 
change the local flow patterns near the bank.  This change of character allowed the use of vegetated 
banks near the water line as part of the final design.  The resulting benefits have not been defined for 
vegetated banks above the 2-year water level, plus local flow diversity that may also provide aquatic 
shelter for fish during a flood. 
 
Some literature exists on the topic of repelling groynes, but the hydraulic characteristics are not well-
documented for the use of downward slope repelling groynes.  The design parameters that were applied in 
Calgary are expected to fit within future design guidelines, because of the observed behaviour for a wide 
range of flow conditions, but the appropriate design parameters may vary depending on the 
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geomorphological characteristics of other rivers.  For example, our company previously needed to use a 
relatively steep orientation angle of 60

o
 to resist erosion at some repelling groynes using 500 kg angular 

rock along the Bella Coola River in the Canadian province of British Columbia. 
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