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MANAGEMENT PERSPECTIVE 

Ice jams cause serious flooding. 
’ 

The documentation of case 

histories of ice jams is vital in the understanding of underlying 
processes. This report provides rarely obtainable jam thickness data 
along with a comprehensive interpretation. The results expand 
knowledge of ice jam characteristics and will be used in the 

development of mathematical models of ice jams.



PERSPETIVB-GBSTION 

Les embflcles causent d'1mportantes inondagions. Pour coprendre 

lea processus qui lea sous-tendent, 11 est essential d'étudier-fies cas 

concrets, Le présent rapport présente des dohnées qu‘on pent rarement 

as frocurer sur 1'épaisseur des embflcles at en fournit une 

interprétation détaillée. Ces données, qui permettent_d'augmenter les 

connaissances sur les caractéristiques du phénoméne étudié, servirqnt 

A mettre an point des modéles mathématiques d'emb&c1es.
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ABSTRACT 

Favourable weather conditions in .January, 1986 resulted in a 

breakup jam on the Thames River that froze in place. This afforded 

safe access and performance of detailed thickness measurements that, 

normally, are not possible to obtain. The thickness of the jam is 

highly variable in the lateral direction but without consistent trends 

which, in a crude sense, justifies the assumption of lateral 

uniformity made for analytical purposes. In the downstream direction, 

the thickness increased, except for a short reach downstream of the 

toe where it rapidly decreased to zero. Approximate assessment of the 

absolute roughness of the jam indicated fair agreement with earlier 

deductions based on hydraulic resistance data. Using existing 

theoretical concepts, it was deduced that the downstream portion of 

the jam was likely formed by "shoves" or internal collapse ("wide") 

whereas the upstream portion was likely formed by frontal progression 

("narrow") and juxtaposition. For the former reach, the present data 

enabled approximate evaluation of coefficients utilized in pertinent 

theories. Agreement with previously published values was good though 

in one instance there are no previous field determinations. To study 

the decline of jam thickness past the toe, the "wide" jam theory was 

adapted to describe a jam overlain by solid ice cover. This enabled 

approximate determination of the friction coefficient between the jam 

and the cover.



-2‘- 
ntsuut 

En janvier 1986, les conditions météorologiques ont entrainé la 

formation d'un embacle sur la riviére Thames, embficle qui a ensuite 

gelé, ce qui a permis d'y accéder en toute sécurité pour prendre des 

mesures détaillées d'épaisseur qui ne peuvent avoir lieu en temps 

normal. L'6paisseur de l'ensemble variait beaucoup sur le plan 

latéral, mais sans montrer de tendances précises. Cele justifie, de 

facon sommaire, l'hypothese de l'uniformité latérale posée pour les 

besoins des analyses. L'6paisseur augmentait vers 1'aval, sauf dans 

un court troncon situé en aval du front de l'emb&c1e ou elle diminuait 

rapidement jusqu'a zéro. Les résultats de 1'analyse approximative de 

la rugosité absolue de .l'emb&c1e concordant assez bien avec des 

deductions antérieures fondées sur des données relatives a» la 

résistance hydraulique. A partir de notions théoriques existantes, 

nous avons déduit que la partie aval de l'emb8c1e était probablement 

formée de bourrelets ou du produit d'un affaissement interne (embacle 

'large!), tandis que sa partie amont résultait probablement d'une 

progression frontale (embflcle *6troit") at d'une juxtaposition. En ce 

qui touche la premiere partie, les données existantes ont permis une 

evaluation approximative de coefficients calculés dans les theories 

pertinentes. Les résultats concordaient assez bien avec les valeurs 

déja publiées — toutefois, dens un cas, il n'y avait jamais eu de 

travaux sur le terrain auparavant. En vue d'étudier l'amincissement 

de l'emb&c1e "large" pour décrire un embficle surmonté par une 

couverture de glace solide. Cette modification nou a permis de 

determiner approximativement le coefficient de frottement entre 
l'embflc1e et la couverture surjacente. ‘
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INTRODUCTION 

A major component of the Institute's ice jam research program is 

the annual documentation of the ice regime and jamming in two southern 

Ontario streams, i.e. the lower Thames and the upper Grand. This is a 

long-term effort, initiated in 1979 and aimed at quantification of 

ice-related phenomena in the observation reaches and improvement of 

qualitative understanding as a guide to laboratory and theoretical 

research. The results of annual observations are presented in regular 

reports issued with two or three year's lag. 

A brief thaw and rain in January, 1986 caused a part of the lower 

Thames ice cover to break up and a jam to form near Chatham (see 

Fig. 1). Soon afterward, cold weather returned and the jam "froze" in 
place which afforded safe access and detailed measurement of jam 
thicknesses. Such information is not normally obtainable for breakup 

jams. The only other data sets known to the writer are those reported 

by Calkins (1978) and Wuebben and Stewart (1978). These data are not 
as detailed as the present one. ’Lack of thickness measurements has 
proved a major obstacle in ice Jam research especially with regard to 
documentation and testing of various theoretical concepts (e.g. see

1 

Beltaos 1983). ' 

The Thames River ice jam data are described and analysed in the 

following sections with the dual aim of providing improved 

understanding of ice jam configuration and of testing, often for the 
first time, the implications of existing theories.
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BACKGROUND ‘INFORMATION 

An ice cover formed in the lower Thames in mid-December, 1985 and 

by mid-January, l986 had attained thicknesses ranging from 20 cm near 

Thamesville to 30 cm below Chatham. 'Rainfall on January 17 and 18 

caused the river stage to ri_se sharply. At Thamesville, the ice cover 

was set in motion on January 20 and small jams began to form. During 

the next two days more of the study reach was cleared of ice while 

jams became less frequent but longer-. At 1030 on January 22, a 

l0-lgm-long jam formed at a bend designated as 35.82 km in Fig. 2. 

Thi jam released and reformed -a few kilometer downstream during 

1800-2000 h on January 22. The actual time of formation can be 

guessed at about 1930 h from the Chatham gauge record (Fig. 3). 

In the morning of January 23, the new jam was inspected and water 
levels along its length were photographed at identifiable locations 

for later reference and survey. Figure 4 shows the result of the 

survey, including similar findings for the January 22 jam. -The 

discharges quoted in Fig. 4 are estimated values, based on Water 

Survey of Canada data at the Thamesville gauge, allowing for about 12 

hours of flow travel to the jam sites. 
_

' 

After January 23, the weather turned cold and Va solid ice 1-flier 

formed on the surface of the jam. As soon as it was deemed safe, 

field crew were at the site to begin thickness measurements". The 

work proved to be slower than anticipated while the originally planned 
number of measurements was increased when first results became
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available. Data collection techniques and difficulties experienced 

are described in Beltaos and Moody (1986), 

1t was thought that the presence of the jam had the potential to 

cause problems during the spring-breakup. Fortunately, the latter was 

uneventful as it occurred under conditions of little runoff“ and 

intense thermal deterioration of the ice cover. 

PHYSICAL CHARACTERISTICS OF JAM 

Dimensions 

Typical variations of jam thickness across the river are 

presented in Fig. 5 while detailed results are included in Beltaos and 

Moody (1986). Clearly evident is the large variability of thickness 

but no ‘consistent trends can be detected. The lack of trend 

justifies, in ~a crude sense, the "one-dimensional" assumption of 

uniformity across the channel, made in various theoretical models. 

Figure 6 is a contour plot of thickness near the toe of the jam, the 

latter being defined as the location of the edge of sheet ice cover. 

It is noteworthy that the accumulation of broken ice does not end 

abruptly at the toe but persists for some distance under the sheet 

ice. 

Table’ l summarizes average thicknesses across the channel at 

different locations along the jam. Upstream of the toe, the average 

thickness exhibits a general trend to increase in the downstream
|

Y .
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direction. Downstream of the toe, the thickness decreases to nil 

within_ a relatively short distance. The ice jam configurations 

measured by Calkins (1978) and Huebben and Stuart (1978) resemble the 

present one though their data are not as detailed and do not extend 

beyond the toe. 

Roughness Characteristics 

In his attempt to describe the hydraulic resistance of freeze up 

accumulations, Nezhikhovskiy (1964) introduced the following measure 

of absolute roughness, 2: 

[1] c - llocal thicknes - average thickness] 

and found that the average roughness, e, increased with the average 

thickness, t. 'This finding led to derivation of empirical relation- 

ships between the jam Manning coefficient and the jam thickness, for 

three types of freeze up accumulations of ice. ‘Reasoning that 

accumulations of solid ice blocks are the most likely to resemble 

breakup jams, Beltaos (1983) re-analyzed Hezhikhovskiy's applicable 

data set and deduced the following empirical relationship: 

B _.__
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in which both t and d1,g4 are expressed in metres while d1;34 I a 

measure of the jam's absolute roughness, equivalent to the 84—percen— 

tile particle size of channel beds. - -‘ 

An approximation to d1,34 is the quantity c,‘ which can be 

calculated from the present data via ‘a frequency analysis on c. 

Because relatively few individual measurements were performed at each 

section (Table '1), it was decided to lump together sections of 

comparable average thickness so as to increase sample sizes. 

Calculated values of c and :34 are summarized in Table 2, along with 

corresponding average thicknesses. While a general increasing trend 

is evident, the group ts = 1.47 - 1.53 m does not fit with the rest. 
This is caused by the rather extreme variability of thickness‘ at 

section 33.79 km (Fig. 5). If this section is excluded, the 

corresponding values of c and c.‘ will become much more consistent 

with those of the other groups in Table 2.
_ 

Figure 1 shows the present data plotted in the form of cg, versus 

t (assumed ¢q“°1 t° ts/0.92). Equation 2 is also plotted for 
comparison. There is general agreement between Eq. 2 and the present 

data but the approach to a limiting roughness may occur at a smaller 

t than indicated by Eq."2. 

Profile of Jammed Reach - 

Using the data already described, along with surveyed cross- 

sectional geometry of the channel, it is possible to produce Figs. 8a



and 8b, showing the longitudinal profile of the jam and the river, as 

it would have been on January 23, 1986. - 

In later analysis, it will be necessary to have estimates of the 

vater_surface slope, Sw, near the toe of the jam, as a function of 

longitudinal distance, x. Such estimates can be obtained by fitting a 

polynomial to the observed water surface profile and using its first 

derivative to find SW, i.e.: 
A

V 

[3] SW = 0.0022 (1.64 - 0.91 x‘ - 0.56 x")

I 

in which x‘ - river distance upstream of the toe (32.10 km) in metres, 

divided by 300 m. Equation 3 applies specifically to the reach 32.31 
to 32.10 km. " 

HYDRAULIC RESISTANCE 

Discharge 

Measured flow values are not available for the January’ 86 
breakup. Flow estimates are provided for nearby gauge sites by Water 
Survey of Canada, based on recorded water levels and related data, 

e.g. ice conditions, rainfall, flows at upstream gauges, etc. Because 
the Chatham gauge is influenced by the stage of L. St. Clair, no flow 
estimates are made, so that the closest flow-measuring gauge is at 

Thamesville (65.55 km). Allowing for a time—of-travel of 8 to 12 

hours, the estimated discharge under the jam is 290 m‘/s. This value

d
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implies an ice effect on the Thpamesville stage of 0.4 m which is 

considered reasonable in view of past experience‘. ’ 

Apgroximat ions 

Two commonly used approximations are examined which it valid 

would greatly simplify hydraulic resistance considerations. 

First, the seepage flow, Qp, through the voids of the jam-, is 

expressed as (Belt-aos and 19861:»):
A 

[4] op = 1. AJ Jsw 

in which A3 n area of the jam under the water surface; and X - 

coefficient having dimensions» of velocity and depending on jam 

porosity and "ice block characteristics. For the present conditions, 

it is etimated that 1. < 1.0 m/is. Clearly, the largest value of Qp 

occurs at the toe, of the jam, where A-J = 200 m‘ and S‘, = 0.0035. 

Then Eq. 4 gives (Qp)T°e < 12 m‘/s which only repreents 41 of the 

total flow approaching the jam. Hence, it is reasonable to neglect 

Qp and assume that Q, the. flow under the jam, it equal to the total 

flow of 290 m’/s. 

‘i.e. Measurements oi discharge at the gauge with ice jams fpresent 

downstream.

I
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Next the steady‘ version of the momentum equation is considered: 

t + t l V‘ dA ' 

_;_._.!z _ ___._ [51 sw pgh B gh dx 

in which the discharge has already been assumed to be independent of 
the longitudinal distance (downstream), x; V = average flow velocity; 
ti, tb - shear stresses exerted by the f1ow' on the jam and bed 

respectively; h - average depth of flow under the jam; B - channel 

width at the average level of the jam's underside; g - acceleration 

due to gravity; and p = density of water. Using the present results, 

e.g. see Table 3, it can be shown that the RHS of Eq. 5 is less than 

62 of Sw so that Eq. 5 simplifies to: 

t + t 
' - iii I6) sw - pgh‘ 

This can also be written as: 

f V‘ .._<>_ I7) sw'4 gh 

in which fo - composite friction factor of the flow under the jam. 

It can further be shown (Belteos 1983) 

f + f - ,' i b [8] fo - 2 

*Unsteadiness effects, if any, would have been negligible, judging by 
the flow hydrograph at Thamesville and the stage—time variation at 

Chatham (Fig. 4).
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[9] R14-Rb=2R°=h
| 

‘1_%_% H" ?'F'F 
i b o 

with fi, Bi; fb, Rb I friction factors and hydraulic radii 

associated with the jam and the bed respectively. . 

Resistance Parameters 

with the above derived equations and the available data (Table 3) 

it is possible, in principle, to calculate values of fc at different 

locations along the jam. However, determination of Sw at a point is 

difficult to accomplish in practice. An alternative is to compute 

average £°'s for reaches of finite length so that Sw would be 

obtained from the water surface elevation difference at the start and 

end of each reach. This operation was carried out for four subreaches 

of the jam and the results are summarized in Table 4. It is noted 

that £0 increases in the downstream direction, a trend that may be 

partly attributed to a similar increase of the relative jam thickness, 

ts/h (e.g. see Beltaos and Wong, 1986a). Figure 9 shows fo 

plotted versus ts/h, along with an “average” relationship deduced by 

Beltaos and Wong (l986a) based on previous case studies. The present 

data could also be fitted by a power-type relationship though the 

attendant coefficients would differ somevhat from those of Beltaos and 

Wong (l986a).
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FDRMATIQN MECHANISM$ 

Given the profile of an ice jam, it is not generally possible to 

determine its formative process without some ana178is. _For the 

present jam, there are four possibilities, that is, formation by: 
- submergence and deposition of ice floss or frontal progression 

("narrow* channel jam’) 

- shoves or internal collapse ("wide" channel jam’). 
- erosion, transport and deposition of ice blocks under the jam 

(hanging dam) l 

- surface juxtaposition of ice blocks (surface jam) 

Fflarrow" JamiCriteria and Surface Juxtaposition 

Considering first the type of jam formed by submergence and 

deposition of ice floss arriving at the leading edge (head of jam), 

the following criterion should be satisfied (Michel 1984): 

[11] 1-‘ = 7-—Vs - J 2(1-p) (1-s )/s t ' 
gts i i 

in which p - porosity of jam and si - specific gravity of ice . 

Calculated yalues of Ft are seen in Table 3 to vary from 0.17 to 

0.27. With si - 0.92, Eq. ll would be satisfied if p varied_Between 

-

\ 

‘See Pariset et al (1966) for the rationale behind this terminology.
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0.83 and 0.58. In general, such porosities are too high for a breakup 

jam comprising solid ice blocks, as was the case for the downstream 

portion of the jam. However, the appearance of the jam changed 

between ~37 km and ~38 km;> downstream of kilometre '37, it 

comprised well—packed ice blocks whereas upstream of kilometre 38, it 

turned into a 'looser* accumulation of much smaller blocks and slush 

that formed overnight. At the same time, the porosities calculated to 

satisfy Eq. 11 for sections 37.53, 38.56 and 39.19 are 0.58, 0.72 and 

0.61, respectively. These values are not inconsistent with the 

appearance of the jam in that reach. Hence, the jam could have been 

of the "narrow" kind upstream of kilometre 37. Somewhere near the 

head of the jam (k1.7 km) and upstream of kilometre 39.19, where ts 
= 0.5 m ~two ice thicknesses, the formative process might have 

reverted to one of surface juxtaposition. The present data are not 

sufficient for a conclusive analysis in this regard; a crude 

calculation, based on Ashton's (1974) critical non—submergence 

velocity, has shown that for the last two kilometres of its length, 

the jam was likely of the surface kind. 

Hanging Dam Criteria ' 

Next, consider the erosion-transport-deposition process. This is 

governed by the velocity of the flow under the jam as well as the 

thickness and size of ice blocks. Average flow velocities are 

summarized in Table 3 where a slight trend for V to increase in the
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downstream direction is manifested. Generally, V is between 0.5 and 

0.8 m/s, except for the toe area where values up to 1.3 m/s are 

attained. It is difficult to conceive ofna scenario by which this 

type of velocity variation along the jam. would be indicative of 

hanging dam formation. For example, Michel (1984) suggests that 

critical deposition velocities are between 0.6 and 1.3 m/s for frazil 

slush. This range is far too broad to permit any inference to be made 

herein, given also the added difficulty of dealing with solid ice 

blocks rather than slush. Laboratory experiments with plastic blocks 

by Tatinclaux and Gogus (1981) indicate that the critical erosion 

velocity, Vc, is given by " 

V hi 
[121 y-(1_s1§ ghi 

- flfi) 

in which Li = length of block. For the toe area of the jam, 

V//(l—si) ghi works out to be about 2.8 which is in agreement with 

the results of Tatinclaux and Gogus, if hi/Li is taken as 0.2 

From this analysis, it might appear that the thickness in the toe area 

of the jam could be controlled by erosion. The process leading to 

this result would involve the continual collapse and thickening of the 
jam, whereby V is increased and ice is transported past the toe‘. In 

that case, however, some "activity" would be noticed near the jam toe, 
but none was observed. .' 

‘This implies that the observed jam thicknesses in the toe area would 
be less than what is required for stability against shoving.
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'Uide' Jam Criteria 

The next possibility is that of the Yiide' jam where the jam 

collapses and thickens by shoves until it is just able to withstand 

the applied forces. In that case, it can be shown that the following 

differential equation describes the thickness (Beltaos and Wong 

l986a): -

' 

dts ti ts 
[12] 3;“ - B, {SW + 35;; I 

- B. §' 

in which ti = flow shear stress applied on the underside of the jam 

and 5,, B,\are dimensionless coefficients defined by 

[131 a. - =1/<1 - pm - =9 xx 
[141 B. - u/Kx(1 --P) 

[15] I1 " KDKI xx (1 ' P) 

with Xx = ratio of the streamwise (longitudinal) stress in the jam 
to the_average vertical stress‘; K, a ratio of bank shear to the 

lateral stress (commonly assumed equal to tan¢, ¢ = angle of internal 

friction of the jam); and K, e coefficient of "lateral thrust" - ratio 

of lateral stress to the streamwise stress. ’ 

‘A11 normal stresses referred to herein are "effective", i.e. they do 

not include the pore-water pressure.
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_ 

Using earlier approximations and results, Eq. 12 can be 

re—written as - 

'

4 

1 as 
‘ 

n _~ ts . 

[16] - Sw (1+B;“:)-“B45- 

in which 

[17] 5, -£1/zfo 

Ba P(1'51) = 

[18] 54 ' 
B1 

' 
S1 

The present results have shown consistency with the "wide" 

channel jam equations (see detailed analysis in they following 

section), with the possible exception of the reach above ~34 km. In 

this reach, the RHS of Eq. 16 is often negative, contrary to what is 

implied by the measurements. Possible explanations may be (a) the 

difficulty of determining accurate values of Sw in this relatively 
"flat" reach; and (b) the jam being of the "narrow" or surface type, 
as discussed earlier. ’

- 

smmcm rmmmrnns 

Constant-Thickness"Reach 

Inspection of Table 3 indicates that ts has a constant value of 
1.5 m in the reach 33.79 km to 32.31 km. Then, the LHS of Eq. 16 

vanishes and the coefficient p may be obtained from
i
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swn R1 
[19] p -= 11.sTs(1 +12) 

However, the value of R1 - hydraulic radius associated with the 

underside of the jam is not known; it can only be deduced indirectly, 

as follows. The ice jam friction factor, £1, could be written a

R 
[20] £1 - [1.16 + 2 10; (qt)?-= 

which is a relationship borrowed from gravel beds (Limerinos, 1970) 

with d1,84 being the 84-percentile gravel size. If we replace 

d1|g4 by the parameter cu, described earlier, then we "find cu - 

1.23 m (from th»ic_k§ness measurements at sections 33.79, 33.09 and 

32.31 km), £1 - 0.27, R1 -= 2.9 m and |.| e 1.34. On the other hand, 

if 2,, is taken as 0.86 m (obtained after excluding the "anomalous" 

section at 33.79.km), then £1 '1-' 0.23, R1 - 2.4 _m 1'1 =- 1.20‘. 

Both these values of [.1 are consistent with previous findings (e.g. 

Eariset et al 1966; Calkins 1983; Beltao 1983) which suggests that 

internal collapse is the likely mode of -formation in the 

constant-thickness reach.

- 

‘_An,alternative approach to find u, without use of Eq. 20 andjs“, is 

to £1; the ratio £1/so (-R,/no). For example, with £1/so 
I 1.00, as-assumed by Pa-riset et al (1966) and Calkins (1983), 

p=1.16. For £1/£0 I 1.25 (average reported by Beltaos 1983), u - 

1.33.
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Another way to test this result is by considering the overall 

water depth, H. Beltaos (1983) has formulated a dimensionless 

equation relating H to Q, i.e. ' 

[211-"n 2 Si; - rm
V 

in which E 18 deiined by (QEQ/B) 

[22] E 5 (q'/as)1/3 / S“! o 

This relationship can be derived from Eq. 16 if dts/dx is set equal 

to zero. ‘For the present data (Table 4), we have E - 197, H n h+ts 
- 6.0 m and n = 99. Figure 10 shows that these results are also 

consistent with previous findings. 

ToevRegion 

Next, we consider the area downstream of the constant—thickness 
reach, i.e. 32.31 to 32.10 km. Here ts increases in the downstream 
direction but with large scatter about any "smooth" line one might fit 
through the data. Particularly aberrant is the value of ts at 32.26 
km (Fig. 8b).

y 

To test whether this portion of the jam was of the "wide" type, 
we may integrate Eq. 16 to obtain: 

1 
' 8 h x tsdx [2-31 '5: [ts(x) - tB(x°)] = ‘I sw [1 + 5, -t: ] dx - 5, :1 —-3

0 O
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in which xo may be fixed at section 32.31 km. If Eq. 23 applies, 

then a plot of the bracketed term on the LBS versus the RHS of Sq. 23, 

calculated at various values of x, should be linear with a slope equal 

to 5,, which, via Eq. l3, would give an estimate of Rx. The 

integrals on the RHS of Eq. 23 can be evaluated graphically. The 

coefficient B, is fixed at 0.104, a value corresponding to u - 1.20 

(see sq. 18). The coefficient B, is the ratio f1/2f° (Eq. 17) and 

may vary with x. Based on 13 case studies, Beltaos (1983) found B, to 

be in the range 0.3 to 0.8, averaging 0.62. VH0 consistent variation 

trend was detected. For the constant-thickness reach (Table 4), the 

value of 5, works out to be 0.65 or 0.54, depending on whether :,, is 

taken as l.23 or 0.86 m, as discussed earlier. A similar analysis in 
the toe area, using average ts and 2,, of 2.3 and 1.0 m, 

respectively, has resulted in B, - 0.51. ‘ 

For B,'- 0.50, the results of the integration are depicted in 

Figs. lla, b and c. Figure lla shows the data as calculated when the 
large thickness at section 32.26 km (Fig. 8b) is joined linearly with 
its neighbours. The resulting graph is non linear, while the steep 
rise at small values of RHS implies Kx = 1.3. This is a very low 
value for ice jams comprising solid ice blocks (i.e. Q = 12'). If we 
ignore section 32.36, assuming the associated layer thickness to be a 

highly localized occurence (e.g. due to ridging), we obtain the graph 
of Fig. lib. Here, it is possible to fit a straight line of slope 
equal to 2.34. Moreover, if a ‘smooth’ "average" line were fitted to 
the bottom surface of the jam. in Fig. 8b and values of ts(x) —
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ta(x,) were determined from that line, then the graph exhibits, as 

expected, much less scatter while the straight line fitted through the 

data points has a slope of 2.26, not significantly different from that 

of Fig. llb. Using a slope of 2.3 (=B,) in Eq. 13, we find Kx(1-p) 
- 5.0. This value involves considerable uncertainty, since it has 

been obtained after ignoring the large thickness at station 32.36 km; 

nevertheless, it represents the first field determination of Rx. If 

B; were taken as 0.60, then the graphical integration procedure would 

result in K*(l-p) - 6.25. 

The conventional theory of jam strength requires that (Beltaos 

1986):. 

[24] Irgfa I tan¢ (1-+sin¢) 

[25] Kg - (1 + si_n'¢)/(1 - sin¢) 

which for p = 1.20 and Kx(1-p) - 5.0, give Kx e 14.3, ¢ - 61' and 

p - 0.65. These values seem too high for a breakup jam. Moreover, 

the coefficient of passive resistance, KP [E tan?(n/4 + 6/2)] works 

out to be about 15 which too is relatively large (compare with 7.3 and 

10.0 obtained in the laboratory by Cheng and Tatinclaux, 1977 and 

Uzuner and Kennedy, 1974, respectively). 

Beltaos (1986) noted that the conventional theory that leads to 

Eqs. 23 and 24- arbitrarily assumes that the two lesser principal 

stresses (one vertical, one horizontal) are equal. lf this assumption 

is not invoked (see Appendix A), one may proceed by noting that the
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strength of the jam is produced by the vertical stress, oy and the 

lateral confinement between the channel banks. letting the lateral 

strain he zero, we have 

[26] oz - v(ox + oy) 

in which ox, oz .are the longitudinal and lateral_ stresses and 

veroisson ratio of the jag, If p and V are taken as 0.4 and 0.33, 

respectively, the values p-1.2 and. Kx(1-p)-5.0 imply that Kx=8.3, 

Q-53.15‘ and the least principal stress is ay - see applicable Hohr 

diagram in Fig. 12. The value of the passive pressure coefficient, 

KP, is then equal to 9.0. 

Decrease of.Thickness Past Toe 

For a jam formed by internal collapse, Beltaos and Bong (l986a) 

suggested that the thickness should decrease beyond the toe because of 

the additional resistance that becomes available at the interface 

between the jam and the sheet ice above it- 

To analyse this hypothesis, consider first the equilibrium of 

longitudinal stresses within the jam, i.e.: 

_ 

3s'x- dt'xz 8t'xz 
[27] ax + ay .+ az = 0 

in which s'x - total normal stress in the x-direction - ax + pw 
(ex - eifective normal stress; pw-y(y3-y) = hydrostatic 
pressure; y=pg=unit weight of water (see Fig. 13)-
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Equation 27 can be integrated vertically and laterally to obtain 

(see Appendix B):
_ 

_ 
27¢ dtu Q 

( 
7 

1) S 
‘”' ‘1 ’ “ tu 28 1 - = — ‘ 

» - as - ~ ~ I 1 
_ 

( y ) dx Rx 
+ 

2yeKx w + Zyekxtu (l-p)Kx B 

in which a is the friction coefficient between the jam and the sheet 

ice above it; and ye is defined by: 

[291 ye s § v (1-p) (1-5) 

To obtain an overall value for a, we may integrate Eq. 28 along the 

distance, L, within which the value of tu tapers to zero. Then: 

zye (tu)toe Y ‘E ti u tu 0 

= - '<.<1- "Y-> -T" * <57; f “,9 F * Wave - §m><1>... 

[30] 

in which the suffix "ave" denotes average value along the distance of 
integration, L; and AE - change in water surface elevation over L 

(i.e. from 32.10 km to 32.02 km). This difference should have been 

very small (less than say 0.02 m) because our measurements-show zero 
slope downstream of the toe. The second term on the RHS of Eq. 30 is 

then less than about 0.003 and can be neglected by comparison with the 
other terms. For example, an approximate calculation has shown that 

(ti/2yetu)ave = 0.046 and (tu/B)ave = 0.0l5. Substituting 

these in Eq. 30 with L I 80 m and (tu)t°e = 2.3 m gives
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[31] a = 0.021 xx + 0.016 

which for K3 - 8.3 translates to u = 0.24; ; It is noted that the 

second term on the RHS of Eq. 30 contributes very little to the value 

of a. In turn, this suggests that the first term on the RHS of Eq. 28 

predominates, thus rendering the tu -P x variation roughly linear. 

This is in reasonable agreement with observations, as for example, can 

be seen in Tig. lb where the data points defining the bottom of the 

jam downstream of the toe can be approximately described by a straight 

line. - 

SUMMARY AND C@NCLUSIUNS 

Favourable weather conditions in .January, 1986 resulted in a 

breakup jam on the Thames River that froze in place. This afforded 

safe access and performance of much needed measurements that are not 

normally possible to obtain. A 

The thickness of the jam exhibited large variability across the 

river but without consistent trends. In a crude way, this finding 

justifies the theoretical assumption of lateral uniformity. In the 

downstream direction, the thickness increased, for the most part but 

rapidly decreased to zerc downstream of the toe. 

The absolute roughness, c, of the jam was evaluated using local 

deviations fro the average thickness, t. The statistics c and e,‘ 

exhibited a trend to increase with t,. in agreement with similar 
findings by Nezhikhovskiy (1964). Moreover, the present data are in
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fair agreement with the c,,—€ relationship, deduced by Beltaos (1983). 

based on under-ice Manning coefficients reported by Nezhikhovskiy 

(1964). .~
. 

The hydraulic resistance of the flow under the jam was evaluated 

in terms of the composite friction factor, fo. It was found that 

fo increased with the ratio ts/h, in agreement with a similar but 

indirect finding by Beltaos and Wong (1986a). 

Using existing theoretical concepts, it. was deduced that the 

downstream portion of the jam, i.e. from 32 to at least 34 km, was 

most likely of the "wide" kind, that is, formation was effected by 

‘shoves’. On the other hand, the upstream portion of the jam (41.7 to 

at least 37 km) was most likely of the surface or "narrow" kind, i.e. 

formation was governed by local hydraulics and ice floe properties. 

For; the "wide" portion of the jam, the present data enabled 

direct evaluation of several strength parameters utilized in pertinent 

theoretical‘ concepts. First, the well-known coefficient p was 

calculated for the constant-thickness reach (33.79 to 32.31 km) as 

1.20 or 1.34, depending on the applicable value of 2,‘. These values 
are very close to what has been reported in the past, based on direct 
and indirect evidence. Furthermore, the constantithickness reach 

parameters adhere to the n—E relationship developed by Beltaos (1983; 

1986). Next, the coefficient K3 (= ratio of longitudinal to 

vertical stress) was evaluated by graphical integration in the reach 
32.31 to 32.10 km. It was found that the value of £1/fo has an
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effect on the results. For £1/fo - 1.0 and 1.2, Kx(1-p) works 

out to be 5.0 and 6.2, respectively. AThe lower value is considered 

more appropriate because approximate analysis has shown that fi/fo 

; 1.0 in the reach under consideration. While there is uncertainty in 

the calculated values of Kx(l-p), this is the first time that such a 

calculation has been possible. The porosity, p, of a jam can only be 

guessed at present, hence Rx remains an unknown. However, Eq. 12 

(along with Eqs. l3—l5) shows that the thickness profile of a "wide" 

jam can be assessed if u and Kx(1-p) are known, i.e. knowledge of 

both p and Xx is not essential in this regard. 

The present results may also be used to assess the hypothesis 

(Beltaos and Wong, 1986a) that a jam with a floating toe is 

essentially held in place by friction between the broken ice 

accumulation and the sheet ice cover dcwnstremm of the toe. The 

differential equation describing the decline of jam thickness, tu, 

downstream of the toe was formulated first, using assumptions that are 
consistent with the conventional "wide" jam theory. Next, an order- 

of-magnitude analysis indicated that tu—x variations should be 

roughly linear, in agreement with measurements. The slope of this 

type of variation is related to the ice jam-ice sheet friction 

coefficient,_ a and the coefficient Rx. For Rx - 8.3 (value 

obtained assuming p I 0.4), u = 0.24. This seems to be the first time 
that this type of analysis has been performed so that it "is not 

possible to cement on the plausibility of the value of c obtained 
herein - laboratory experiments would be helpful.



- 25 - 

R§EERENCES 

Ashton, G.D. 1974. Froude Criterion for Ice Block Stability. J. of 

Glaciology, V. 13, No. 68, pp. 307-313. 

Beltaos, S. 1983. River Ice Jams: Theory, Case Studies and 

Applications. Journal of Hydraulic Engineering, ASCE, Vol. 

19(10), pp. 1338-1359. 

Beltaos, S. 1986. Monograph on River Ice Jams. Cha. 4: Theory. 
Submitted\ to NRCC Working Group on River Ice’ Jams, NWRI, 

Burlington, Ont. 

Beltaos, S. and Moody, W.J. 1986. Measurements of the Configuration 
of a Breakup Jam. NWRI Contribution 86-123, Burlington, Ont. 

Beltaos, S. and Wong, J. 1986a. Downstream Transition of River Ice 
Jams. Journal of Hydraulic Engineering, ASCE, Vol. 112, Ho. 2, 

pp.“91-110. 

Beltaos, S. and Wong, J. 1986b. Preliminary Studies of Grounded Ice 
Jams. Proc. IAHR Symposium on Ice, Vol. II, pp. 3-14, Iowa City, 
Iowa. - 

Calkins, D.J. 1978. Physical Measurements of River Ice Jams. Hater 
. Resources Research, Vol. 14, No. 4, pp. 693-695. 

Calkins, D.J. 1983. Ice Jams in Shallow Rivers with Floodplain 
2 

Flow. Canadian Journal of Civil Engineering, Vol. 10, No. 3, 

pp. 538-548. 

Cheng, S.T. and Tatinclaux, J.C. 1977. Compressive and Shear 
Strength of Fragmented Ice Covers — A Laboratory Study. IIHR 
Report 206, Iowa Institute of Hydraulic Research, Iowa City, 
Iowa.



- 27 - 

Limerinos, J.T. 1970. Determination of the Manning Coefiicient from 

Measured Bed Roughness in Natural Channels. USGS Water Supply 

Paper 1898-B, Washington, D.C. 
V

i 

Michel, B. 1984. Comparison of Field Data with Theories on Ice Cover 

Frogression in Large Rivers. Can. J. of Civ. Eng., V. 12, Ho. k, 

pp. 938-940. 

Nezhikovskiy,.R.A; 1964. Coefficients of Roughness of Bottom Surface 

of Slush-Ice Cover. Soviet Hydrology, American Geophysical 

Union, Washington, D.C., pp. 127-150. 

Pariset, E., Hausser, R. and Gagnon, A. 1966. Formation of Ice 

Covers and Ice Jams in Rivers. Journal of the Hydraulics 

Division, ASCE, Vol. 92, No. HY6, pp. 1-24. 

Tatinclaux, J.C. and Gogus, M. 1981. Stability of Floes Below a 

Floating Cover. Proceedings of International Symposium on Ice, 

IAHR, Vol. 1, pp. 298-311. 

Uzuner, M.S. and Kennedy, J.F. 1974. Hydraulics and Mechanics of 

River Ice Jams. Iowa Institute of Hydraulic Research, Report 
No. 161, Ihe University of Iowa, Iowa City, IA. 

Vuebben, J.L. and Stewart, D.M. 1978. Physical Measurements of Ice
\ 

Jams - 1976-77 Field Season. U.S. Army CRREL, Special Report 
78-3, Hanover, N.H. '

I



Table 1. Average ice jam thicknesses, as measured in February 1986 

Location 
(km from 
river 
mouth) 

Date cf 
Measurement 

_i
t8 

_ 

(In) 

Number of 
Verticals 

32.02 
32.04 
132.06 
32.08 
32.l0(toe) 
32.12 
32.14 
32.17 
32.20 
32.23 
32.26 
32-31 
33.09 
33.79 
35.82 
39.19 

26 February 
26’February 
26 February 
26 February 
24 February 
24 February 
25 February 

4&25 February 
25 February 

» 26 February 
3&4 February 
ll February 
11 February 
A February 

.12 February 
12 February 

Q150-r-r-new-r-rah:Lana»-h-Caz 

I 

I 

I 

I 

I 

O 

I 

O 

I 

I 

I 

I 

I 

I 

I

I 

->~o 

&-&-U\~4lI'N 

a-auauu~au»0~>- 

N 

~|a@~4¢»|e 

o~u:o\u:|~J~4ra§n- 

sheet ice 

F-I 

O@\OO~l@~lOI\70\'OO\|@@ 

*ts i distance of jam underside from water level. 

Table 2. Roughness measures e and-c... 

Range of t
A

s 
(In) 

Value of ¢ ' 2 

(m) 
__ _ 

' Value of :,, 

(=11) 

Number of 
Measurements 
in Sample 

0-O J-*0 

MOO

I 

I-'O<P 

.

.

Q 

MO lAI\l 

0.15 
0.31 
0.11 
(0.56)*_ 

-' 

2.38-2.73 
0.56 
0.55 

0.35 
0.58 
1.23 

(0.86)* 
1.05 
0.99 .

6 
16 
22 
(13)* 
28 
.36 

* Not including Section 33.79 km



Table 3. Flow eharacteristics in study reaeh 

Location 
(km irom 
river 
mouth) 

Flow Width at Average Average t 1 1 

Ft Area Bottom _F1ow ¢Ve1ocity, 8 (-V//at ) 
- Surface Depth V 8 

' of Jam 
(m’ (m) (m) §"!=? 5(-".‘). 

30.72 
31.02 
31.42 
32.00 
32.10 
32.15‘ 
32.20 
32.23‘ 
32.26 
32.31 
32.55 
32.74 
33.09 
33.49 
33.79 
34.32 
34.99 
35.03 
35.82 
36.32 
36.67 
37.53 ' 

38.56 
39.19 
40.18 
~40.69 
41.19 
41.59 
42.00 
42.40 
42.77 

372 
381 
345 
368 
252 
242 
294 
286 
227 
432 
375 
338 
355 
394 
330 
361 
407 
428 
558 
430 
413 
412 
566 
515 
582 
465 
426 
494 
503 
430 
435 

71.3 
82.3 
79.2 
89.1 
75.5 
71.4 
76.3 
72.0 
59.7 
93.9 
97.2 
78.4 
76.8 
82.3 
71.0 
76.9 
75.2 
94.5 
93.1 
84.0 
79.5 
79.8 
75.0 
87.8 
103.5 
88.0 
81.4 
82.0 
87.2 
72.0 
74.5 

u|u|u\o~uuuvuwuv~su\u|u|u|&-um&-&-#-&-a~usa-u:uauausuoa~&~¢~u| 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

O 

0 

0 

0 

0 

0 

I 

0 

0

0 

0 

0 

0 

I

_ 

I 

I

I 

Q\0~4C>h3hJ6\IUIF-air-W>UI$~0\O\\lO\UlGIO\Gb<>aDLlUlL-ui0\L3 

->'u 

~|n>\» 

|ha~4 

uI0\c>ro~0 

uar-\0 

UI<>re0- 

O\CDCD'N 

UIGI&~\» 

0\u»ha 

0.78 
0.76 
0.84 
0.79 
1.15 
1.20 
0.99 
1.01 
1.28 
0.67 
0.77 
0.86 
0.82 
0.74 
0.88 
0.80 
0.71 
0.68 
0.52 
0.67 
0.70 
0.70 
0.51 
0.56 
0.50 
0.62 
0.68 
0.59 
0.58 
0.67 
0.67 

sheet ice~ 
sheet ice 
sheet ice 
sheet ice 

2.57 
2.68 
1.73 
1.86 
2.72 
1.53 
1.52 

' 1.48 
1.47 
1.48 
1.48 
1.34‘ 
1.17 
1.17 
0.97 
0.86 
0.80 
0.71 
0.57 
0.47 

not mean- 
ingful 

OPBD V829! 

FF?FFF??9??9?9?9P°°°°°°°°°°===Z 

>->->7»-> 

>-9»manor:nan:»-n>nan:ra»-n:s:n:»-n:s:a:;aLa§-L-L

L 

- 

- 

-

- 

O\n:~4tn 

u:~:c>-na\»~o|w 

u:c>~4;n.> 

p-u,;». 

. 

.

. 

‘Most of the Values in this column have been obtained by interpolation 
between measured values (Table 1). 

3Parameters'synthesized by interpolation.



Table k. Results of hydraulic resistance analysis 

Jam Reach» ‘Cross Sections 
Used for 

Averaging 

(km) (km) 

Reach-Average Value of: 

Flow 
Area 
(m‘) 

Width Flow 

(m) , 

Depth 
(In) 

sw_- so 

(m/km) 

39.19;§s.a2 39.19, 
37.53, 
36.32, 

38.56 
36.67 
35.82 

482 es,2 5.79 0.12 0.072 

35.82-33.79 35.82, 
34.99, 
33.79 

35.03 
34.32 

417 a2.1 5.07 0.21 0.087 

33.79-32.31 33.5, 
33.09, 
32.55, 

3-3.429 
32.74 
32.31 

378 84.0 4.50 0.72 0.21 

32.26-32.10 32.26, 
32.20, 
32.10 

32.23 
32.15 

260 71.0 3.67 2.91 0.34
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Ice conditions in the Thames River above Chatham, 
in the morning of Jan. _23, 1986.
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APPENDIX A. Bohr-Coulmb criteria for the strength of ice jams 

An ice jam may be regarded as a floating granular mass subjected 
to a downslope' body force and the shear stress of the ‘current 

underneath. The state of stress of an ice jam is three-dimensional 
and does not conform to either a plane strain or plane stress 

condition. The vertical (effective), stress, oy, is produced by 
buoyancy forces and varies linearly within the jam, being zero at the 
top and bottom surfaces and maximum at the water surface. 

Because the flow shear stress applied at the bottom boundary by 
the jams is relatively small, the vertical stress could, as an 
approximation, be considered a principal stress, say 0,. Denoting the 
other two principal stresses by o, and o, and assuming that 0, is the 
largest, we have two possibilities, oy < 0, and 0, $ oy. Assuming 
that, in each case, the largest Mohr circle is tangent to the failure 
envelope (straight line through origin with a slope = tan¢); and using 
the lateral confinement concept (Eq. 26), the following can be 
derived. 

C888 1-‘ U!“ Q‘ < Q‘ 

K + 1 - v 
[A.l] xp > xx > 4%-— 1-I-V 

[A.2] -3* - (z‘?+§> -.v 

. O +0 O -O 
[ms] . 0, , -= *2 z 1 /( ‘"2’ >= + *==82



Case 2. 0, (id, E fly 

‘I’ K +1 — v 
[A.4] Rx $ -2I-:-;- 

Q 

,, .1__+1!>._ _ 1 [A.5] -3: = xp 1 
1’ :1; we (Z + 2) A 

and 0,, 0, are still given by Eq. A.3. 

i 
In both cases we also have, by definition 

e txz u -a_- g 
ay 1 - p



ABBENDIX B: Derivation of Eq. 28 

Integration of Eq. 27 over the thickness of the jam (see lig. 13) 

gives: M “ 

. yu as}; Ydyg " 
~ ytl at'XZ 

[B.l;_J ;;— dy + y 3;“ tu + (t'xy)yu - (t'xy)yb +ybI 
a 

az 47 = 0-
b 

This can be re-arranged as: 

.? dys dxb dyu 
5; (ox tn) + ytu dx‘ + (sx)yb dx - (sx)yu dx + 

+ u (sy)yu - ti + g; (txz tn) + 

By b ayu [B'2] + (t'xz)y 3;_ Q (t.xz)y 32- - 0 
b u " 

in which a frictional relationship has been assumed between 

(t'xy)yu and the. local vertical stress (sy)yu, via the 
dimensionless coefficient a. Moreover, ox and txz represent 
vertically averaged values of sx and t'xz respectively. 

By analogy with earlier results, it is assumed tht 

[B.3] ax - K: sy 

while sy is given by (see Eq. 29 for the definition of ye): 

[B-41 By = Zvé (7 i vb;



It fO_11OY8 that (8x)yb I 0, (3x)yu 
V 

" 2KxYgtuo 
qhilg ax = Kxyetu. Assuming also uniformity in the 

z-direction, the transverse gradients of yb and yu vanish and Eq. 

8.2 becomes - 

1
»

¢ 

.= 
g , fin dys 

5; (xxye tu ) — zxxye tu d;_ * Y tn ax +

\

3 [$.51 + 2a ye tn - ti + 5; (tzz ta) - 0 

Integrating across the channel width, B, gives: 

.<1_ 7: ‘T22 B dx (xxye to ) ‘ Kxye tu dx + 

. dzR 
k 

dzL ’ I _ : _ + (xx Ye to )zR dz" (xxye tu )zL dx 

».»'-dyu 
. 

-‘Y8 
- - 2Kxye tu -E; B + y tu 3;“ B + 

[B.6] + Zoye tu B - ti B + (txz tu)z£ (txz tu)zR = 0 

in uhich 2L, zg are transverse coordinates of the points where the 
jam bottom surface intersects the left and right banks; respectively; 
and the overbars denote vidtheaveraged quantities. Since we have 
assumed lateral uniformity, we may drop the overbar signs and simplify 
Eq. 3.6 as-follows: ~ 

“'71 2% "2? ' 21: 

S" 
' ' ” 2x 

ti 
t "15 it: 

H 
' 

‘ KY8 “R KY8 U P X



Assuming further that the sheet ice cover in the toe area is 

fractured so that it is generally in a state sf free flotation, it can 

be shown that: - 

dy 
i A 

2y dt nu g__g __g 
dx Q - sw + y dx (B's) 

Substituting Eq. 3.8 in Eq. 3.7 and rearranging gives Eq. 28.


