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The formation and release of river ice jams can lead to extreme flooding, causing 
significant damage to hydraulic structures and communities along riverbanks. 
The formative processes of ice jams are well documented in literature; however, 
the flow characteristics beneath them are not fully understood. The lack of 
complete understanding is due to inherent safety concerns associated with field 
measurements underneath an ice jam. To bridge this gap, an experimental study 
was conducted to investigate the effect of roughness on the mean and turbulent 
flow field beneath a simulated ice jam. The modeled ice jam was constructed 
from a 9 mm thick acrylic sheet. Twenty-four grit sandpaper was used as the bed 
roughness while the ice roughness was created with an array of 12.7 mm acrylic 
cubes. High-resolution particle image velocimetry was used to conduct detailed 
velocity measurements underneath several sections of the ice jam. Reference 
measurements were initially conducted on smooth ice and bed surfaces to help 
isolate the effect of surface roughness. The measurements indicate that the 
introduction of roughness caused a significant drag on the mean flow thereby 
decelerating the flow close to the bed as well as the ice cover. This resulted in 
larger shear stress over the rough surfaces compared to flow over the smooth 
surfaces. The estimated bed shear stress revealed larger values within the vicinity 
of the toe region of the jam. The introduction of roughness increased the level of 
spanwise vortices generated beneath the jam, which would facilitate sediment 
transport. 



1 Introduction 

Ice jams form when an intact ice cover, hydraulic structures (for instance bridge piers) or river 
bends halt moving ice pieces. Ice jams normally occur during freeze-up and ice breakup periods. 
They may also occur in mid-winter in temperate regions, during a mid-winter thaw (Beltaos, 2008). 
An ice jam release can cause enormous flooding, property damage, erosion on riverbanks and in 
some instances disrupt transportation. Ice jam formation on streams can also have adverse effects 
on fish habitat, navigation, and hydropower generation. Although ice jam formation poses a 
significant threat to human safety, aquatic life and properties, not much field investigations have 
been conducted to outline the flow physics beneath. This means that there are few quantitative data 
describing the dynamics of the flow beneath a jam, although it may be desirable for validating 
computational models. The lack of field measurements beneath ice jams arise due to inherent 
safety concerns. Thus, the need for experimental investigations to enlighten our understanding of 
the flow physics. 
 

The present study focuses on an equilibrium ice jam where changes in jam thickness and water 
depth are negligible along the equilibrium section (Beltaos, 1995). Figure 1 shows a schematic of 
an equilibrium ice jam and the various sections. The ice jam is divided into three main sections, 
the upstream transition, equilibrium region and the downstream transition. The downstream 
transition can be separated into the upper toe region (UTR) and lower toe region (LTR). Steeper 
slopes compared to the equilibrium region characterize both the UTR and LTR. The flow beneath 
an ice jam is significantly different from that of open channel flow. The flow is subjected to zero, 
favorable and adverse pressure gradients, within the equilibrium, UTR and LTR, respectively. 
There is also the development of two boundary layers as opposed to one in the case of an open 
channel flow. Although the flow dynamics beneath an ice jam are more complicated than open 
channel flow, it has still not received considerable research attention. 
 

 
Figure 1. Schematic of flow beneath an equilibrium ice jam (adopted from Beltaos, 2008). 

 
Previous studies have focused on the formation of ice jams (She et al., 2009; Healy & Hicks, 

2006; Zufelt & Ettema, 2000). Healy & Hicks (2006) investigated the dynamic processes 



associated with ice jam formation. Their studies outlined detailed ice jam thickness and discharge 
underneath the simulated jam. They also provided point velocity measurements within the 
equilibrium region of the jam using a Prandtl tube. Their experimental results showed that using 
wide channel jam models gave a better prediction of the jam thickness compared to narrow channel 
models. The narrow jam models under-predicted the ice jam thickness by 25%. Wuebben (1988) 
investigated the potential for scouring beneath an ice jam. The scouring level varied significantly 
depending on the variation of ice jam thickness as well as the downstream extent of the jam. The 
maximum scouring occurred at the toe region of the jam since the flow deflected severely towards 
the bed. Regarding the turbulent behavior, only Pahlavan et al., (2016, 2015) investigated the flow 
beneath a simulated ice jam. The authors used an acoustic Doppler velocimeter to conduct detailed 
velocity measurements beneath both smooth and rough ice jams. The mean velocity and turbulent 
intensities varied significantly at the introduction of bed and jam roughness. The experimental 
investigations by Pahlavan et al., (2016) have provided the basis on which further investigations 
can be conducted. Therefore, the present objective is to investigate the effect of bed and ice jam 
roughness on the mean and turbulence fields of the flow beneath a jam. High-resolution particle 
image velocimetry was used to conduct detailed velocity measurements, from which the mean 
velocities and shear stress beneath the jam were analyzed. 

2 Experimental setup and procedure 

The experiments were conducted in a 2.5 m long recirculating open water channel with a 
square cross-section of 200 mm × 200 mm. To facilitate optical access, both side walls and channel 
bottom were made from smooth acrylic. A modeled ice jam fabricated from a 9 mm thick acrylic 
sheet was inserted into the open channel facility. The height at the inlet and outlet of the modeled 
jam were 100 mm and 84 mm, respectively as shown in Fig. 2a. This design was chosen to have 
higher water level at the upstream compared to the downstream part of the jam to mimic an actual 
jam. The length of the initial section, which corresponds to the equilibrium region of the jam, was 
1000 mm to allow for the development of the flow before entering the upper toe section 
(converging section) of the jam. The angles α and β were maintained at 4° and 9°, respectively. 
Previous field measurements have shown that the values for α and β are very small and the length 
of the jam is in the order of kilometers (Beltaos, 1983; Calkins, 1978). The present experiment 
therefore could not replicate direct occurrence of the field jam due to space limitation. However, 
there is no doubt about the relevance of the present investigation to the river ice community. The 
toe of the jam was fixed 36 mm from the bottom of the channel and 915 mm from the end of the 
equilibrium region. To investigate the effect of roughness on the flow, a 24-grit sand paper was 
used to mimic riverbed roughness. The height of the roughness of the 24-grit sandpaper was about 
1.8 mm. An array of acrylic cubes of height 12.7 mm were used as roughness elements for the jam. 
 

A planar particle image velocimeter was used to conduct the velocity measurements. The flow 
was seeded with 10 μm silver coated hollow glass spheres with specific gravity of 1.4. A New 
Wave Solo Nd:YAG double-pulsed laser with maximum energy of 120 mJ per pulse at 532 nm 
wavelength was used to illuminate the flow field. The laser sheet was aligned with the mid-span 
of the test section for measurements in the symmetry plane. Scattered light from the tracer particles 
were captured with a 12-bit charge-coupled device (CCD) camera that has a resolution of 2048 
pixels × 2048 pixels, and a pixel pitch of 7.4 μm. The CCD camera was fitted with a green band-
pass filter of wavelength 530 nm. Dantec Dynamics commercial software (DynamicStudio version 
3.4) was used to control the data acquisition. 



 
Figure 2. Schematic of the modeled ice jam (all dimensions in millimeters) and the measurement 

planes utilized. 
 
A camera field of view of 112 mm × 112 mm was used. The interrogation area size was set to 32 
pixels × 32 pixels with 50% overlap in both directions. The time interval between pulses was 
chosen such that the maximum particle displacement was smaller than 25% of the interrogation 
area size. Based on a convergence test, the mean velocities and turbulence statistics were calculated 
using 6000 instantaneous image pairs captured at a rate of 4 Hz. The instantaneous images were 
post-processed using the adaptive correlation option of DynamicStudio developed by Dantec 
Dynamics. An in-house MATLAB code was used to calculate the mean velocities and turbulence 
statistics.  
 

Detailed velocity measurements were conducted underneath the modeled jam within six 
measurement planes as indicated in Fig. 2b. The first measurement was conducted within the 
equilibrium region to characterize the initial conditions of the flow before entering the upper toe 
section (converging region) of the jam. Overall, three different runs were conducted by varying 
the surface roughness of both the channel bottom and jam. Initial measurements were acquired for 
the reference case where both channel bottom and ice jam were smooth (represented as SS). 
Subsequently, two additional roughness configurations were investigated; a 24-grit sandpaper 
roughened channel bottom and smooth ice jam (denoted herein as RS). The last configuration had 
both channel bottom and under ice cover roughened with 24-grit sandpaper and acrylic cubes, 
respectively, and represented herein as RR. The approach bulk velocity was 0.22 m/s yielding 
Reynolds number of 22000. The uncertainty in the mean velocities, turbulent intensities, and 
Reynolds stresses at 95% confidence level was estimated to be ±2%, 4% and ±11% of the peak 
values, respectively. 
 

3 Results and discussion 

3.1 Initial flow within the equilibrium region 

Figure 3 and Figure 4 show profiles of the mean velocities and turbulence statistics, 
respectively, within the equilibrium section of the jam extracted at x = 990 mm. The velocity and 
length scales used are the local maximum streamwise mean velocity, Um, and initial channel 
height, h, respectively. In contrast to open channel flow, two boundary layers were generated (one 
close to the bed and the second one close to the jam). Figure 3a shows that the roughness caused 
an excessive drag on the mean flow field at the bottom of the jam. Hence, the similarity in the 



distribution of U for RS and RR at the bottom of the channel compared to SS. This was due to the 
similar roughness element used for both cases. There was also considerable drag due to the acrylic 
cubes mounted on the surface of the modeled jam. The jam roughness thickened the boundary 
layer created on the modeled ice surface. Figure 3b depicts the distribution of the wall-normal 
mean velocity within the equilibrium region. The predominantly positive values of V gives an 
indication of the dominant role of secondary motion to the suspension and transport of sediments 
within the equilibrium region. The present results also suggest that ice floes as well as sediments 
may suspend within the flow. Introducing roughness facilitated the tendency of sediment 
suspension and transport within the equilibrium region of the ice jam. Figure 4 provides details of 
turbulent intensities and Reynolds shear stress for the different flow conditions. The results reveal 
increases in the turbulent intensities and Reynolds shear stress for the rough jam case compared to 
the smooth case. The increased levels of turbulent intensities and Reynolds shear stress meant the 
introduction of bed and jam roughness would enhance turbulent production within the equilibrium 
region of the jam. The increased turbulent activities would significantly facilitate suspension and 
transport of bed load beneath the jam.  
 

Figure 3. Profiles of (a) streamwise and (b) wall-normal mean velocities within the equilibrium 
region. 

3.2 Mean velocity, vorticity and Reynolds shear stress contours 

Figures 5 – 8 show contour plots for the streamwise and wall-normal mean velocities, 
spanwise mean vorticity and Reynolds shear stress. The characteristic velocity and length scales 
used are the bulk velocity and initial channel height, respectively. The results are presented within 
the UTR and LTR of the jam, which are subjected to favorable pressure gradient (FPG) and adverse 
pressure gradient (APG), respectively. Generally, the flow beneath the simulated jam accelerates 
within the UTR due to subjection of the flow to FPG with the maximum velocity occurring at the 
toe section. The flow however, decelerates within the LTR due to the APG subjected on the flow. 
The introduction of roughness enhanced acceleration of the flow within the UTR. This was due to 
the blockage of the flow by the roughness elements and since the same water discharge was 
maintained for all cases, the flow must accelerate to compensate for flow continuity. The overall 
increase in U within the UTR was about 13% when the flow condition was changed from SS to 
RR. In contrast, since roughness enhanced the acceleration of the flow within the UTR, the level 
of deceleration within the LTR was the reverse. Contours of the wall-normal mean velocity, V, are 
illustrated in Fig. 6. The distribution of V gives an indication of the significance of secondary mean 
motion to the tendency of sediment suspension within the flow. Figure 6 indicates that V is directed 
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Figure 4. Profiles of (a) streamwise turbulence intensity, (b) wall-normal turbulence intensity, 
and (c) Reynolds shear stress within the equilibrium region. 

 
towards the bed within the UTR. This suggests the possibility of bed load transport within the 
UTR, which in general leads to scouring of riverbeds within this region of the jam. The roughness 
would enhance the deformation of the bed form. Within the LTR, the flow was predominantly 
directed towards the jam for both SS and RS, giving an indication of a more likely suspension of 
bed load transported from the UTR. A negative zone of V was created close to the jam when it was 
roughened, hinting at the possible deposition of suspended load within the LTR as the flow 
decelerates. The predominantly negative V means an advection towards the bottom of the channel 
and this is enhanced by the surface roughness. 
 

Figure 7 shows the distribution of spanwise mean vorticity, Ω, determined from the 
gradient of the mean velocities (Ω = ∂V/∂x – ∂U/∂y). For the all test cases, negative values of Ω  
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Figure 5. Contour plots of streamwise mean velocity within the (a) – (c) upper toe region and (d) 

– (e) lower toe region for the different test cases: (a) & (d) SS; (b) & (e) RS; (c) & (f) RR. 
 
 

 

Figure 6. Contour plots of wall-normal mean velocity within the (a) – (c) upper toe region and 
(d) – (e) lower toe region for the different test cases: (a) & (d) SS; (b) & (e) RS; (c) & (f) RR. 

 
dominated the bottom of the channel since ∂U/∂y > ∂V/∂x. The introduction of roughness enhanced 
the generation of Ω due to increased mean shear imposed on the flow by the roughness elements. 
The increased strength of the spanwise vortex also suggests that roughness would facilitate 
sediment suspension as well as transport. A pronounced effect of Ω on the flow dynamics was 
observed within the LTR compared to the UTR. This is as a direct result of the inception of APG 
within the LTR. Contour plots of the Reynolds shear stress are shown in Fig. 8. The magnitude of 
the Reynolds shear stress increased close to the channel bottom and jam surface within the UTR. 
Within the LTR of the jam, APG and the surface roughness considerably increased the levels of 
the Reynolds shear stress compared to the flow over smooth surface. For flows of this nature, the 
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negative ∂U/∂x due to the APG may tend to elongate or widen the large-scale structures, which 
contributes proportionally towards the Reynolds shear stress. 
 

 

  
Figure 7. Contour plots of spanwise mean vorticity within the (a) – (c) upper toe region and (d) – 

(e) lower toe region for the different test cases: (a) & (d) SS; (b) & (e) RS; (c) & (f) RR. 
 
 

Figure 8. Contour plots of Reynolds shear stress within the (a) – (c) upper toe region and (d) – 
(e) lower toe region for the different test cases: (a) & (d) SS; (b) & (e) RS; (c) & (f) RR. 

                        

3.3 Estimation of bed shear stress 

The bed shear stress, τb, was estimated from τb = ρUτ
2, where Uτ is the friction velocity. In 

the present study, the Clauser plot technique was employed to estimate values of Uτ along the 
channel bottom as well as the surface of the jam. Figure 9 shows the mean velocity profiles in 
inner coordinates within the UTR of the jam. The streamwise mean velocity was normalized by 
Uτ and the wall-normal distance by Uτ/v. Similar analyses were performed within the various 
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regions of the jam. The profile for the smooth surface collapsed on the smooth-wall logarithmic 
profile but the inception of an FPG within the UTR of the jam suppressed the wake parameter 
within the outer layer of the flow. Further downstream in the UTR, the FPG makes the wake in the 
outer layer more negative. However, the inception of APG produces a substantial increase in the 
wake parameter within the LTR (plots not shown). Figure 9b shows that the presence of surface 
roughness caused a drag on the mean flow field thereby resulting in an expected downward shift 
of the velocity profile from the smooth-wall logarithmic profile. The values of Uτ were estimated 
from Fig. 9 and similar plots generated along the streamwise extent of the flow beneath the jam. 
The bed shear stress was then estimated from the obtained values of Uτ. The presence of FPG 
increased Uτ within the UTR irrespective of the surface condition of the channel bottom or jam 
surface. However, Uτ increases more rapidly on the rough surface compared to the smooth surface. 
The friction velocity decreased within the LTR of the jam due to the increasing APG. Figure 10 
shows the distribution of the bed shear stress beneath the jam over smooth and rough surfaces. 
Due to the significant increase in Uτ within the UTR, larger bed shear stresses were recorded within 
this region. The bed shear stress attained a maximum at the toe of the jam for both smooth and 
rough cases. After attaining a maximum at the toe of the jam, the τb decreased with streamwise 
distance within the LTR. This again is mainly due to the lower friction velocity within this region 
of the flow beneath the jam. The present results would imply that there is considerable deformation 
of the riverbed within the UTR in the form of localized scouring and bed load transport. In addition, 
there would be severe scouring of the riverbed within the toe section of the jam. 
 

Figure 9. Effect of surface roughness on the distribution of streamwise mean velocity over (a) 
smooth and (b) rough surfaces. 

 

 
Figure 10. Distribution of local bed shear stress along the length of the ice jam. 
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4 Conclusion 

An experimental investigation of turbulent flow under a simulated ice jam has been performed 
over smooth and rough surfaces using a particle image velocimeter. The experiments were 
conducted at a Reynolds number of 22000. A 24-grit sandpaper (with roughness height of 1.8 mm) 
was used as the roughness element for the modeled riverbed. The modeled jam was roughened 
using an array of acrylic cubes of height 12.7 mm. The results showed that the bed and ice jam 
roughness modified the mean and turbulence flow field beneath the modeled ice jam. The local 
maximum streamwise mean velocity was greater for the rough case compared to the smooth case 
since the former configuration introduced a blockage of the flow, which facilitated the flow 
acceleration within the upper toe section of the jam compared to the latter. The introduction of 
surface roughness increased the level of the wall-normal mean velocity with larger values 
occurring within the LTR of the jam. This results coupled with the larger spanwise mean vorticity 
in the presence of roughness would facilitate the transport of sediments beneath the ice jam. In 
addition, the introduction of surface roughness contributed immensely to the generation of 
Reynolds shear stress. The estimated bed shear stress increased within the UTR but decreased 
within the LTR. The maximum bed shear stress occurred at the toe region of the jam since the flow 
was predominantly directed towards the channel bottom. The long-term effect of this would lead 
to severe localized scouring of riverbeds as well as altering the bathymetry of the river. 
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