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ABSTRACT 

A series of experiments were performed with a gl ac i o -fluvial sand 
in transparent acryli c cylindrical pipes of 24. 8 and 29 . 9 c m in diameter, 
r espect i ve l y , to gain some insight i nto sedimentary processes in fluvial sys­
tems where water flows beneath ice. One of th e o bject ive s was to inve stigate 
criteria that might be d ia gn osti c in the fie ld to i dentify sediments depos ited in 
glacier tunne ls flo wing full. 

With increasing s ediment conce ntration at a given discharge , the 
sequence of bed forms was : ripp l e , dune , dune-plane , plane , dune - plane, and 
total suspension. Dune foresets commonly became finer - grained down the 
fores l ope and displayed a slope discontinuity due to s lumping in the upper part 
of the foreset . Stoss laminations were te1nporarily preserved due to an up­
ward convexity of the stoss surface . Within the range of exp e rimental vari­
abl es , dune celerity is directly proporti ona l to the cube of mean flow ve l ocity; 
the ratio of mean flow ve locity to dune cele rit y is inversely proportional to 
the square of the Reynolds Nu mber , and symmetry index of the dunes is 
dir ec tly proportional to th e squar e of the Reynolds Number . Dune height is 
1 / 3 to 1 times the h ydraulic m ean depth. The system tends to maximize the 
h ydraulic mean depth by adjustment of both b e d h eigh t and bed form. 

These relationships are tentative l y extended to processes of esker 
sedimentation with the us e of a natural exampl e . Esker sediments depos ited 
in tunne l s are characterized by paralle l lamination and large - sca l e cross ­
stratification, compatib l e with deposition near maximum hydraulic mean 
depth . Dune heights indicate actual wate r depths of 1 to 4 m e tres, and lead 
to the suggestion that accumulation of esker sediment was accommodated by 
a melting upward of the i ce roof. Unidirectional flow with high bed -shea r was 
maintained by the ice roof having limited the fl ow c ross-s ec tion, and a fluvial 
sequence was s epos ited that did not require essentially subaerial conditions . 

REsUME 

Une serie d ' experiences ont ete pratiquees au cours desquelles on a 
fait c ircu l er du sable d' origine g la ciofluviale dans des tuyaux d 'acrylique 
transparents ayant respectivement 24 . 8 cm et 29. 9 cm de diametre , afin 
d'etudier l ' action des sediments clans les cours d'eau recouverts de glace . 
L'un des buts recherches etait d'isoler les caracteristiques qui permettraient 
d'identifier sur le terrain les types de sediments deposes dans le s conduits 
de gla ciers completement remplis d'eau . 

A mesure qu ' augmentait la concentration des sediments a un point 
de decharge donne se formaient les accumulations suivantes , dans l' ordre : 
ride , dune , dune et lit plan, lit plan, dune et lit plan, suspension total e . La 
granulometrie des fronts de dunes diminuait de haut en bas et la pente subis­
sait une discontinuite due a l'affaissement de la face amont de la dune. La 
stratification entrecroisee ctait momentanement conservee en raison de la 
convexite de la surface stratifice, en allant ver s le haut, A 11 inte rieur des 
limites des variab les expcrimentales , la vitesse de deplacement de la dune 
est clirectement proportionnelle au cube de la v itesse moyenne de l' ecoul e ­
ment; le rapport entre ce lui- ci et la vitesse de clcplacement de la dune es t en 
proportion inverse du carre du nombre de Reynolds , et l'indi ce de symetrie 
de la dune est en proportion directe du carre de ce nombre. La hauteur de 
la dune est d'un tiers a une fois l a profondeur h y draulique moyenne . 



Le systeme tend~ maximiser cette profondeur par l'ajustement de 
la for me du lit et de sa hauteur. 

L'auteur applique ces rapports~ la formation des eskers dans la 
nature. Ces sediments se deposent dans des tunnels ou la stratification est 
parallele et qui presentent d ' importantes stratifications entrecroisees tradui­
sant une sedimentation qui s'est produite non loin de la profondeur hydraulique 
moyenne maximale. La hauteur des dunes revele que la profondeur reelle est 
d ' un ~ quatre metres et laiss e supposer que la formation des eskers a ete 
facilitee par la fonte de la vo1lte glaciaire . Un flot en sens unique , avec 
cisaillement des couches , a ete occasionne par le fait que la vo1lte de glac e a 
limite la coupe de l'ecoulement et une sequence fluviale a ete deposee, qui 
n'avait pas necessairement besoin de conditions subaeriennes . 



FLUVIAL SEDIMENTARY STRUCTURES FORMED 
EXPERIMENTALLY IN A PIPE , AND THEIR IMPLICATIONS FOR 

INTERPRETATION OF SUBGLACIAL SED IMENTARY ENVIRONMENTS 

INTRODUCTION 

In nume rous l ocalities where Wisconsin i ce fronts r etreated down 
the regional topographic g radi e nt, for example throughout southe rn Que bec 
and the Hudson Bay Lowlands, a deep-water e n v ironment was ponded against 
the ice front and expanded northward in contact with the r et r eat ing glacier 
front . In areas such as the District o f Keewatin west of Hudson Bay, 
the eustatically rising sea abutted the retreating ice front . 

The standard stratigraphy in th e s e areas would b e till directly over­
lain by silt and clay deposited in quiet water . Commonly in these ar ea s, 
howeve r, till is s e parated from overlying silt and clay by sequences of cross­
bedded sand and coarse gravel that resemble normal fluvial successions . Sets 
of cross -strata are typically less than 40 cm thick , a lthough sets thicker than 
one metre have been observed . These sequences arc lo cally as thick as 
30 metres and can take the form either of r e latively broad sheets or of linear 
accumulations of eske r sediment. 

The problem, then , is to explain ho w a thick sedimentary sequence 
conta ining ev idence of hi gh bed-shear stress and resembling a normal fluvial 
succession can be deposited near an i ce front at a depth far below the l eve l 
of the water body in conta ct w ith the glacier terminus. One possibility is that 
unidir ect ional flow with a hi gh bed-shear stress could have been maintaine d 
by the presence of an ice " lid" having reduced the flow c ross - section through 

which basal mcltwater had lo discharge . 
Some eskers , including on e that the senior author has studied in 

detail , are b e lieve d to have been dC'posited in subglacial tunnels that debouched 
into a deep water body at the glacier terminus . Sub gla cial tunnels fl owing 
full are gigant ic natural pipes in wh ic h bed forms that depend on surface 
water waves cannot be stable. It would be expected , then , that sedimentary 
structures derived from antidunes wou ld be absent. If it were possible to 
characte ri ze furthe r a subglacial fluvial sedimentation env ironme nt from the 
structural or textural c haracte ristics of the sediment , the c rite ria cou l d b e 
applied to the interpretation of near-glacial sedime ntary e nvironme nts. P e r­
haps river sediments deposited under a winter ice cove r could also be 

identified as such in the geologic record . 
A simple pipe-flow exper ime nt was des igne d that would permit obser­

vation of bed forms and s ed imentary textures and structures through trans­
parent pipe walls under a vari ety of pipe - flow conditions. In addition to study 
of sedimentary textures and structures , an attempt was made to dete rmine 
w h eth e r safe inferences could be made conce rning d epth and velocity of the 
paleo fl ow sys tem . 

Original manuscript submitt ed: 23 December 1971 
Final ve rsion approved for publication: 26 April 1972 
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APPARATUS 

The experiments w e re performe d in the r e turn-pipe section of the 
tiltable , r ec irculating, s e dime ntation flume of the Geol ogical Survey of Canada 
(Fig. 1; M c Donald, 1972). In this flum e , water and s e diment leaving the main 
op en channel fall into a tank from which the mixture is pumpe d back to a head­
box v ia two return pipes of circular cro ss-s ec tion,24. 8 cm and 29. 9 cm 
inside diameters , r espective ly. The proportion of the discharge that pass e s 
through each pipe is controlled by a val ve system. Because the pipe s carry 
fl ow up to the flume h eadbox , all s e dime nt transport in the pipes was up an 
advE"r s e slope . 

In the straight section o f each r eturn pipe , immediately downstr eam 
from a 45 degree e lbow , is mounted a 5-metre l ength of·smooth, transparent, 
acrylic pipe of the same instde diameter as the r e st of th e pipe syste m. The 
transpare nt s ec tions p ermit examination of th e sediment transport proce sses, 
and these c an be r e lated to conditions in t h e fl ow syste m. A limitation o f the 
apparatus is that the b ed can b e observed but not dir ec tly sampled. 

The discharge through each pipe, Q, is m easur e d with the aid of a 
side -contract e d, sharp- e dged orifice plate mounte d in the pipe. The orific e 
plate ge n e rat e s a pr e ssur e diffe r e ntial which is a calibrat e d function of the 
flow rate through the pipe . Plasti c tub e s l ead from each side of the orific e 
plate to a diffe rential m ercury-wate r manome t e r where the discharge can b e 
r e ad. 

M e asureme nts of the b e d forms in the pipe s w e r e made during and 
after each run. Measureme nts of the system during the runs were made at 
the downstr e am e nd of the transpare nt s ec tions, where turbulence generated 
by the elbow b end would have l e ast influe nc e on the b e d. A te mplate that fitte d 
the outside of the pipe was us e d to m e asure h e ights of the b e d forms , H; 
l e ngths ;\ , we r e m e asure d with a graduate d tape . Bed-form ce l e ritie s (i. e . 
the velocities of the ir forward migration), were monitor e d with a stopwatch. 

Total concentration of s e diment in transport , CT , was sample d at 
the downstr e am end of the open c hannel aft e r the e ntire syste m had r e ache d 
equilibrium. The c riterion for equilibrium was the existe nce of uniform flow 
in the open c hanne l. Prec ision of s e dime nt concentration values was depen­
dent on the e quilibrium b e d form in the open-channel part of the syste m. 
Sampling time varied from two to five minute s, d epe nding on the discharge , 
and variations in CT d e p e nde d on whether or not a voluminous bed form was 
migrating out of the channel during the samplin g interval. Approximate 
variations from the ave rage value s, bas ed on two t<2_ four sample s collecte d 

while th~ syste m was in e quJ_libr ium were : for CT < 100 ppm , .± 80%; 
2, OOO> CT > 100 , .± 25 %; for C T > 2, OOO, .± 10%. 

Measureme nts of m e an b e d h e ight were con verte d from tabl e s in 
Chow (1959) to give the cross-sectional are a ca rryJ_ng the fl ow. This was 
divided into discharge to give mean flow velocity, V . 

H ead -loss measur e m e nts w e r e not take n along lhe pipe system, 
h e nce slope of the energy grade lin e is not known. 
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EXPERIMENTS 

Previous Work 

Because of the industrial applications of pipe transportation o f elastics 
to such fields as waste disposal , dredging , and conveyance of ores and other 
materials within industrial plants , engineers have provided an extensive body 
ofexperimentaldataonsedimentmovementinpipes (cf. Graf, 1971 , Chap. 15; 
Task Committee , 1970) . Generally, h owever , these studies have concentrated 
on cons iderations of head loss and power requireme nts . 

Four modes of transport of solid -liquid mixtures through pipelines 
have been r eco gnize d by e ngine e rs (cf. Task Committee, 1970 , p . 1504) . The 
boundaries between these mod e s of transport are shown qualitative l y on 
Figure 2(a), along with actual points correspondin g to experimenta l runs 
reported in the pres e nt study . In general , as ve l ocity is increa sed particles 
begin to move and the " stationary" bed (mode I) is transformed into a moving 
bed (mode II) on which grains mov e by sliding, rolling, and saltating . It is 
this mode that sustains b ed forms . With continued incr ease in velocity, all 
the sedime nt goes into suspe nsion; first the sediment concentration is greatest 
near the pipe floor (mode III) , but at higher velocities the suspension is 
increasingly homoge n eous (mode IV) . In mode III the amount of mate rial 
transported per unit of power consumption is at a maximum (Task Committee , 
1970). Acaroglu and Graf (1969) have noted that the rate of consumption of 
energy increases more or less constantly with inc re as in g mean ve locity exce pt 
in the plane-bed mode where increasing ve locity is not accompanied by appre ­
ciable increas e in the slope of t h e e n e rgy grade line. 

A sediment bed in the pipe is undesirable in industrial application 
because of th e friction losses that result . Cons e qu e ntly , few exper iments have 
been conducted with natural sediments and a mobile bed in transpar en t large ­
diamete r pipes. Few studies report details of bed-form characteristics and 
the present authors arc aware of none that report o n sedimentary structures. 

In expe riment s with very coa rse sand and granu les in a 7 . 6-cm­
diameter pipe system containing al. 85-metre transparent observation section, 
Acaroglu and Graf (1968) r e porte d the following succession of bed forms as 
bed-shear str e ss was slowly increas e d over an initial stationary horizontal 
sedime nt bed: (1) " critical condition" with a few grains in motion but no new 
b ed form ; (2) dunes ; with increas ing flow intensity they l engthened and showed 
increasing tendency for gra ins to b e move d in saltation ; (3) plane bed (i. e ., a 
bed without any irregularity larger th an a few particle diameters ) with grain 
mov e ment both as b ed load and suspe nded load; (4) "slidin g bed" where the 
whole bed, while e ssentially maintaining a planar surface , mov e d slowly and 
intermittently although most s e diment transport was by suspension ; and 
(5) heteroge n eous suspension. They found that the inter r e lati onships of flow 
characteristics and bed forms in pipe s were basically similar to those in open 
channels except that a " sliding bed" mode in the pipe , although not observed 
by other workers , seemed to occur instead of ant idunes at highe r flow in tens itie s. 

In expe rime nts with an 18-me tr e lu cite pipe l4 c m in diameter , 
Craven (1952) found that as concentration of sediment in transport was increased , 

all other parameters being held constant, isolated dunes appeared , The spacing 
b e twee n dunes decreased until the dune s merged , then l engthened and flattene d 
until the bed became perfectly p lain. He also found that valu e s o f sedime nt 
concentration at the transition from dune to plane bed depended on the 
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{with and without suspension) 
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PI one bed 

• 
/ 

,.....!IT. Heterogeneous suspension 

I V. Homogeneous suspension 
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Mean FI ow Ve I oc i I y ,V {c m/sec) 

Figure Z(a). Ge n e rali ze d mode s o f se dime nt transport in pip e s ; e xpe rime ntal 
data plotte d apply to transport in34. 8-cm pipe with sand used 
in pr e s e nt e xpe rime nt, and with CT > 100 ppm. 

grain size o f the s e dime nt in transport . Und e r the s e conditions, the implica­
tions of s e dime nt c once ntration for su c h indic e s of b e d-form shape as ripple 
inde x and ripple symme try index ar e cle ar. Howe v e r , b e d profile s (Crave n, 
1952, his Figs. 4 and 5) indic ate an aggrading b e d in the pipe as th e b e d form 
change d . This would c hange the _hydraulic m e an de pth and affe ct the she ar 
str e ss on the b e d . It c anno t b e d e te rmine d from the r e p o rt whe the r or not 
the s e parame t e rs wer e k e pt stric t l y invariable . 
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Present Experiments 

The present observations were made during sixteen experimental 
runs (22 through 37) that were being carried out primaril y to study phenomena 
in the open-channe l part of th e apparatus . By partitioning the discharge 
between the 24. 8 cm and 29. 9 cm return pipes , a total of 13 sets of data were 
obtained for the 24. 8 cm system and 6 sets for the 29 . 9 cm system. For the 
24 . 8 cm pipe , an attempt was made to obtain several s ets of data at the same 
discharges, so t h e effect of sediment concentration could be determined. 

Duration of continuous runs varied between 6. 3 and 70 . 5 h ours , 
depending upon attainment of equ ilibrium in the system. The measurements 
were taken over several hours while the system was in equ ilibrium. Generally, 
the bed forms were r e gular over at least th e downstream 2 . 5 metres of trans ­
parent pipe section, indicating negligible effect of the e lbow that was located 
imme diate ly upstream of the acrylic pipe . In run 31A, however , well- defined 
dunes appea r ed only in the last metre or so of pipe , with a p l ane bed upstream 
of this. 

The sand used in the experiment was a glaciofluvial sand from the 
Ottawa area , Ontario. Median sieve diameter is 0. 47 mm; phi derivation is 
1 . 24 ; median settling velocity, w 50 , through cal m water is 6 . 50 cm/ sec . 
Cumulative settling velocity and grain-size curves are shown in Figure 3 . 
Comparison of sieve d iameter and settling veloc i ty indicates a Corey shape 

factor y--£-h\ e qual to 0 . 55 (U. S . Inter-Agency Comm. on Water Resources , 

1958 , p . 36) . 
Pre sent experimental data (Table I) have been plotted on Figure 2(a) 

in such a way as to illustrate thC' inte rr e lationship of the four modes of sedi ­
ment transport. Mode II, i . e. flow with a mov in g bed (including saltation) , 
is the e nvironme nt of most inte r est to sedimento l ogists and the one containing 
most of the present experim ental data . However, it ca n b e seen from 
Figure 2(b) that the sta.!?_le bed form is dependent also on concentration of 
sediment in transport , C T· Increas ing va lues of V / w 50 wou ld be ac com ­
panie d by an increasing tendency for sediment to be transported in suspe n­
sion . The importance of this relationship for sedimentary structure s would 
be that development of a plan e b e d , thereby producing a sediment with parallel 
lamination , would b~ favou_E.ed by rdative decr e ase of w 50 or by relative 
incr e as e of e ither V or CT in the system. 

In runs 24, 28 , and 33 both pipes were us ed concurrently in order to 
provide sufficie nt discharge for the open-channel exp er ime nt while keeping 
velocities low e nough in the pipes to permit C'xistence of a bed . Two problems 
are posed by this arrangement . The r e is no way to directly sampl e the con­
centration of sediment in transport in each pipe. The concentrat ion measured 
for the system can be applied , with r eservat ion, to each pipe. Also , partic­
ularly in run 33, s ediment appeared to be sorted somewhat in the end tank; 
the bed in the 24 . 8-cm pipe appeared to be finer grained and conlain ahigher 
proportion of h eavy minerals than Lhe bed in the 29. 9-cm pipe. 

In runs 26A , 30A, 32A, and 34A the concentrat io n of sediment in 

transport was l ess than 75 ppm by weight. The bed record for these runs is 
particularly inco nclusive and the results have not been plotted on the graphs 
that follow . In runs 26A and 30A a discontinuous disperse layer of sediment 
one grain thick was observed sliding and rolling along th pipe floor. The 
only apparent organization of gra ins was a late ral variation in grain concen ­
tration that was probably related to downstream movement o f turbulent eddie s. 
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Velocity of large rolling grains was one third to one half the mean flow velocity . In 
run 30A some grains had short rest periods of about one second , indicating a 
nearness to true bed development. In run 32A all grains were in suspension. 
Low, smooth-crested bed forms, less than about 1 cm high , were observed 
occasionally during run 34A. These may have been incipient dunes , a lthough 
their low celerity (0 . 06 cm/ sec.; Table I) suggests similarity to the undulating 
bed form reported from run 29B. 

Occasionally Lhe bare pipe fl oor was exposed downstream from dune 
foreslopes , particular l y in the zone of excess i ve turbulence and erosion where 
flow lines that had separated from the bed at th e dune crest were reattached to 
the bed . Such dunes were termed ' starved'. Runs in which dunes we r e occa ­
sionally starved are marked in Table I. 

Where the stable bed configuration varied between dunes and plane 
bed (runs 25A , 28A , 3 lA, 33B , and 37B) , bed measurements for the dunes are 
reported in Table I. 
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DISCUSSION OF RESULTS 

Bed Forms and Sedimentary Structures 

Although small ripp les have been formed with this particular sand in 
the p ipes , discharge associated with the ripples was t oo l ow to measure 
accura t e ly with th e manom e ter. Only the dune , plane be d, a nd no- bed m odes 
were stable in the runs reported h ere . 

Dune mode 

In most runs, dunes were th e stable b e d forms. F e atur e s of dune 
shape , stratification , a nd sorting that were commonly obs e r ve d in the pipe 
are illustrate d in Figure 4. As with ope n- channe l systems , dune s migrated 
forward by mater ial ro llin g , slid ing, and saltating up the stoss side and be in g 
depo site d on the for e slop c in th e zon e of flow s eparation imme diate ly down­
str e am from the c r e st. The turbule n ce resulting from r eatta chme nt of the 
fl ow to the ne xt stoss slope downstream from a dune front was a major influ­
e n ce in b e d e rosion and in th e e ntrainme nt of large quantitie s of mate rial into 
suspe nsi o n. Figur e 5 shows a c haracte ristic ally d e ns e saltation ca rpe t in 
m o tion across a dun e , and the dense c l oud of s e dime nt immediately down­
stream o f the c r e st where the rolling carpet is in suspe nsion mome ntarily 
b efo r e settling onto the fore slope. Fore s et laminae we r e tangential at the bas e . 

The zon e of back fl ow occupi e d about the lowe r on e - third o f the zone 
o f flow s e paration in th e lee o f the dune c r e sts. Grains s e ttling through th e 
zone of flow s e paration we r e thrown sharply ba c k onto t h e foreslope whe n the y 
e n count e red the back e ddy. 

S eve ral chara c t e risti c s o f the dune s w e r e note d whic h may occur 
mor e fr e qu e ntly in pipe s than in open channe ls and , therefore , may prov e 
us e ful as fi e ld criteria : 

(a) Fore s ets of pipe-flow dune s commonly showe d a decrease in 
grain si ze down the foreslope . This textural c hange was readily v isible in 
cross-section (Figs. 6 , 7) , where th e upp e rmo st one -third o f th e for e s et 
lamina e was noticeably coars e r grained than the lowe r two-thirds. This 
fe atur e is thought to be due to d efor mation of the zone of flow s eparation by 
the pre ssure r e sulting from suppr e ss ion by the pipe of the out-of - phase sur­
fac e water wave normally associated with dunes in o p e n c hanne ls. The zone 
of fl ow s e paration would be crowded clos e r to the for e slope . Fine -grain e d 
material formerly in saltation and low suspension could s e ttl e through th e 
zon e of flow s e paration and b e thrown onto the l ower for e slop e by the back 
eddy be for e coarser be d mate rial , formerly in traction, could aval anche to 

lower portions of the for e slope . 
(b) The thick carpet of bed material in transport caused fr e qu e nt 

"over-building" of the upp e r part of the foreslop e , followe d by slumping to a 
lower angle of repos e and avalanching of mate rial part way down the fore slope . 
This slumping mechanism, which occasionally invol ve d a laye r l c m thick on 
the for e slope , r esulted in the pre servation of a recognizable slop e discontinuity 
near the upper end of the fore set lamination (Figs. 4, 6 , 7). The over steepened 
upper foreslop e is v isible in Figure 5. 

(c ) Stoss side s tende d to be convex - up, with the top of the for e slop e 
notably lowe r than portions of the stoss side (Figs. 4 , 5). This resulted in 
the occurrence of stoss laminae, parallel and relativ e ly fin e grained, as 
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Figure 5 . 

- 12 -

Dune building forward during run 28B . Note grains moving in 
saltation, and cloud of temporarily suspended sediment down­
stream from crest. Also visibl e are convex-up stoss side and 
small slope discontinuity in upper part of foreslope. 
(GSC photo 159718) 

thick as l cm on the dune. Widespread field preservation of these laminae 
would permit direct field measurement of full dune height. 

Deposition of a dune sequence in the pipes produced a cut -and-fill 
succession of large-scale cross-stratification (Fig, 8) which was similar to 
a sub-aerially formed fluvial succession, excluding differences in structure 
and texture already mentioned. Such a relatively complex succession is due, 
in large part, to variable rate of forward migration, or celerity, c, of adjacent 
dunes . As with open-channel systems, variable dune celerities resulted in 
faster dunes overtaking slower ones. As the faster dune approached, more 
and more of the bed material that formerly supplied the fore slope of the slower 
dune was stored in the faster dune. This resulted in progressive atrophy of 
the l eading slower dune until the faster 'parasite ' reached the crest of the 
slower dune. Then forward migration of the new, single, larger dune began. 
Figure 9 shows a dune comp lex where the faster dune has migrated up the 
stoss side almost to the crest of the leading shower dune , 

Celerities of stable dunes varied between 0. 25 and 0. 92 cm/ sec. 
Figure lO(a) shows that, within the range of flow velocities tested, average 
dune celerity is related to the cube of mean flow velocity by the approximate 
relationship: 

_3 
c v 

106 

In a study with spherical glass beads in transparent pipes less than 10 cm in 
diameter, Thomas ( 1964) formed dunes and reported that ce l erity varied as the 
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fifth powe r o f mean flow ve locity. The r e lationship between flow velocity and 
celerity could be us e ful in assessing s edimentation rates in an aggrading 
syste m wh e re an inde p end e nt measure of mean flow ve lo c ity wa s available. 
Figure 10 (b) indicates that hydrauli c mean depth (R) , throu gh R ey nolds Number 
(Re ) , influe nces the ratio o f m ean fl ow ve locity to dune ce l er ity a cco rdin g to 
the r e lation ship . 

12 . 5xl0 12 v 
c 

As v is cosity and mean flow velocity r emain co nstant , increa s ed hydraulic 
m e an depth is a ccompanied by an increase in dune celerity. 

Bed-form shape indices are commo nly us e d as environmental indica­
tors (e . g . Tanner, 1 96 7). "Ripple index" (ratio o f bed form l e n g th to h eight) 
and "ripple symmetry index" (rat io of l e n gth of sto ss side to length of lee side) 
were measured (Table I) , and attempts were made to r e late the values to various 
flow parameters . Figure 11 indica t es the variability of dune h e ight (H) , dune 
l e ngth (:>..) , ripple index (RI), and rippl e symmetry ind ex (RSI) among the mor e 
than forty measurements made at equi librium during run 23B. 

Ripple indices in run 23B (Fi g . 11) had a skewe d distribution and 
var ied between 6 . 8 and 32. 0 w ith a mean of 15. 9 . With the exception o f two 
particularly hi gh values, average ripple indi ces for the runs var i e d from 12 . 4 
t o 31 . 5. The value o f 92 . 5 in run 34A wa s associated with a s e dime nt con cen ­
tration o f on ly 56 ppm whic h may expl ain the l ow bed-form h e ight and h e nce 
the hi gh r ipple index . The value of 87 . 9 in run 29B was associated with wash ed 
out dunes near the dune -plane bed transit i o n . There was no well-de fined zone 

Figure 7 . 

25cm 

Dune in pipe afte r run 24B . Note gradation from coarse to fine 
down the fores e t laminations , and the slope disc ontinuity in the 
upp e r parts of the fore sets . (GSC photo l 5 971 7). 
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25cm 

Figure 9. Dune complex r e sulting from variabl e dune ce le ritie s, run 33A. 
Scale in photo in cent imet r e s and inche s . (GSC photo 159724) 

of s epa ratio n downstream from the smooth c r es t , and the be d was und e rlain 
by gently dipping paralle l lamin a tion . Thomas (1964) reported exp e rime ntal 
va lue s of rippl e indic e s from 9 to 40 . No cle ar relationship could be found in 
the present expe rime nt between ripple index and any of the hydraulic 

parameters. 
Ripple symme try index varied in run 23B be twe e n 1. 4 and 18 . 1, 

with a mean va lue of 9. 1 . Average values for the runs varie d between about 3 (run 
~4A) and 18 . 6 . The re is a tendency for RSI valu e s to increas e with incre asing 
CT . Mean flow veloc ity and hydrauli c mean d epth are r e l ated , through the 
square of the Reynolds Numbe r , to rippl e symme try index (Fig. 12) ac co rding 
to 

RSI 
1. 15 R e 2 

1010 

An inc r e as e in e ithe r V or R will l e ngthe n th e stoss side r e lativ e to the l ee 
side . It is ev ident from Figur e lO(b) that rippl e symme try inde x increases 
with an inc r e as e of dune ce lerity r e l ative to m ean flow ve l ocity, according to 

1440 c 
RSI = 

v 

and that , for this sand in this expe riment 
- 2 

RSI .OOl~zJ 3 
RSI 14 . 4 c 

and 
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Figu r e 11. V a ri a bilil y o f dun e m eas ur e m e nt s a nd s hape ind i c es 
und e r e quilibrium c onditio n s durin g run 238 . 
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25cm 

Figure 13 , High concentration of suspended sediment n e ar bed during run 
31A; paralle l l a minati ons underlie plane be d . (GSC photo l 59720) 
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Dune-plane bed transition and plane bed 

At highe r va lu es o f CT o r V, or at lowe r values of w5 0 , the bed tended 
to b e plane with a high conc entration of suspe nd e d sediment near the bed 
(Fig. 13). 

The thr eshold b etween dune and plane -bed modes is very delicate . 
In run 25A, for example , exce ssive loca l turbule nc e would trigger an insta­
bility that would almo st instantaneously transform a plane-bed r egime into a 
bed of large dunes. This instability is r e lated to local entrainment and dis­
placement of such a large volume of s e diment that l ee -side separation would 
occur and the accompanying turbule nc e would spawn a new dune train down -
stream of the initial scour. Minute s late r the bed would be plane again. The 
transition was observed in runs 25A, 28A, 31A, 29B , 33B, and 37B (Table I). 
This transition took place at Froude Numbers between 0. 82 and 1. 41, where 

v 
Froude Numbe r Fr = -~-=g=R,.----

It is also probable that fluctuations of CT associate d with dunes l e aving the 
open-channel influenced the fluctuati o n b e tween dune and plane-bed mode s in 
the pipe (dune s were pr e s ent in the open-channe l part of the apparatus in runs 
28A, 29B, and 338). Highe r concentrations of sediment in transport would 
fav our deve lopment of a plane b e d (Fig. 2(b); Craven, 1952). A stable plane 
b e d was obs e rved only in run 24A. 

In runs 28A, 34A, and 29B, dune -like b e d waves formed that appeared 
transitional with a plane bed in that the b e d waves were low, smoothly convex­
up, and showe d almost no flow s eparation c! lwnst r eam from the poorly de fined 
c r e st. The bed-form indices and ce lerity r e porte d for run 34A in Table I are 
for forms of this type . Celerity was low (0. 0 6 c m/s ec ) and due to net accu­
mulation on the l ee - side of the wave . Migration of the se b e d waves produced 
horizontal paralle l lamina e as well as paralle l laminae that dipped downstr eam 
at low angles (cf. Fig. 14). Similar r egular undulatory b e d waves in run 33B 
(Fig. 15) produced no flow s e paration and r e pr e s e nt e d a stable bed in which 
grain roughne ss pre dominated. Migration was slow and downstream. The 
wave l e ngths were 95 .± 10 cm. Lamination was parallel to the bed-surface 
(Fig. 16) exce pt for minor l e ns e s of c ross-lamination where flow separation 
had evide ntly occurred. 

N e ithe r antidunes nor the sliding b e d mode reporte d by Acaroglu and 
Graf (1968) were obs e rve d. No b ed wav e swereo bs e rve dtomigrateupstream, 
although it is possible that the bed undulations in run 33B are associated with 
a pressure wave analogous to a standing wave in open - c hanne l flow. Athigher 
flow intensitie s than thos e require d for a plane bed, the b e d appeared to go 
through a highly unstable dune -plane phase befo r e b e ing complete ly e rode d, 
after which all sedime nt was transported in h ete rogeneous suspe nsion. 

Influe n ce Of Hydraulic Mean Depth 

Because of the influenc e of the pip e walls on velocity distribution in 
pipe-flow syste ms, the water depth parame ter us e d is hydrauli c mean d e pth, 
R, e qual to the cross-sectional area of flow divide d by the wetted perime t e r. 
With dunes on the b e d, the average cross-sectional area occupied by sediment 
was e stimate d from the dune profile s m e asur e d with the template . Figur e 1 7 
shows the relationship b e tween R, pip e diame t e r, and actual water depthalong 
the centre line of a circular pipe c ross-section. It c an be s een that Risa 
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maximum whe re bed thickne ss equal s 19 per cent of pipe diameter . ·The width 
of th e s e dime nt b e d in such a ci r cu lar cross -s ect ion would be 78 p e r cent of 
tunn e l diamete r. 

R c la tionship to dune h eigh t 

Hydraulic m e an d e pth vari e s from l to 3 time s dune h e ight for all 
runs, exce pt for 34A and 29B (~ e quals 8. 5 and 8 . 2, r e spec tive ly) whe r e 
the gently convex-up b e d wave s were exce ptionally l ow and appeared to be 
transiti o nal to a plan e bed . The ave rage R/H ratio for the othe r thirteen cases 
is 1 . 6 . 

Thus it may b e possible to us e dune h e ight as a guide to water d e pth 
in pipe -flow systems, just as can b e done for open - channels . With progressive 
filling up of a c ircu lar cross-section with sediment, th e ac tual wate r depth 
along the centre lin e d ec r eases r egularly from 4R (no s e dime nt) to 1. 5Rwh e n 
99 p e r cent of the c ross-se c tion is c h oked off. At maximum R , water depth 
is 2 . 7R, and wh e n the tunne l is 50 p e r cent full of s e dime nt, the water d e pth 
along the centre lin e is 2R . For a non - circular tunne l c ross-s ect ion that is 
wide with r e spect to actual water depth , i. e . t h e extr e m e ca s e in d ev iation of 
tunn e l c r o ss-s ection fr o m a circ l e , the wetted pe rime t e r in e ffec t become s 
twice c hannel width and actual wa t e r d e pth would approach 2R . Thus , without 
making too s e rio us assumptions regarding how mu c h of an idealize d c ross­
s ec ti on is fill e d with s ed ime nt, o r r egarding the position o f an observation 
with r e spec t to the highe st point in a c ircular - shape d roof , actual wate r d epth 
could b e c alculate d to b e 2 to 3 time s the hydrauli c m ean d e pth, R , Thus, as 
a guide , actual water d e pth wou l d b e about 2 to 10 time s dune h e ight . 

Figure 14. 

25cm 

Plane b e d afte r run 24A . Parall e l laminations dip gently down­
stream du e to slow migration of low undulatory bed wave s at an 
e arlie r stage in the run. (GSC photo 15971 6 ) 
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lOcm 

Figure 16. Laminations parallel to gently undulatory bed surface after 
run 33B. Scale on photo in Cf'ntimf'tres and inches, 
(GSC photo 159725) 

Relationship lo sediment concentration and bed condition 

The maximum limiting va lue of R, being 0. 30-14 times pipe diameter, 
is 7 . 55 cm for the 24. 8-cm pipe and 9. 11 cm for the 29. 9-cm pipe. As con ­
centration of sediment in transport increases at any given discharge (Fig. 18) 
there is a tendency for the bed to aggrade in the following manner (see also 

Fig . 17) : 
(a) Bed thickness increases with increasing R, t h e bed being charac ­

terized first by dunes and th en by dune-plane fluctuations. 
(b) Aggradation continues until bed thickness equals about 19 per cent 

of pipe diameter, i. e . R is at a maximum, and a plane bed is characteristic. 
The only stable plane bed observed (run 24A) occur r ed exactly at R = 7. 55 cm, 
the maximum va lue of R for_that pipe. In the 24. 8 cm pipe, this threshold 
appeared to occur at about CT = 1, 500 to 2, OOO ppm. 

(c) As aggradation continues, R is decreased slightly and dunes and 
dune-plane fluctuations again characterize the bed form. Run 25A atQ = 30, 0 
litres/sec shows this decreased R value . 

It is apparent that for hi gh concentrations of sediment in transport the pipe­

flow system tends to maximize the hydraulic mean depth by adjustment of both 
bed height and bed form. This minimizes the bed shear stress. Continued 
aggradation in a pipe system with a rigid upper boundary decreases R, 
increases the shear stress on the bed, and results in high energy loss due to 
excessive turbulence. This , in turn, generates a highly unstable dune-plane 

fluctuation of the bed. 
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Concentration of sediment in transport, Cr (ppm) 

Effec t of s e dime nt c oncentration on hydrauli c m e an d e pth at 
particular discharge s in 24. 8 - c m pipe . 

SUMMARY AND POSSIBLE IMPLICATIONS FOR NATURAL SYSTEMS 

The obj ec t ive o f th e exp er ime nt was t o gain s o m e insight into condi­
ti o ns o f s e dime n tatio n in pipe syste ms and to inve sti gat e c rit e ria tha t might 
b e diagn o stic in the fi e ld fo r s e dime n t s d e p o si te d in natural tunn e ls flo w ing 
full . 

Obs e r vations fr o m the pr e s e nt pip e -flow e xpe rim e nt that may ha ve 
a b ea rin g on natural s y ste ms can b e summari ze d in t wo c ategorie s: 

(a) Prima ry s e dim e nta ry fe atur e s 

(i) F o r e s e t laminatio ns te nd to b e tan ge ntia l at the bas e and be c o m e 
fin e r grain e d d own th e fo r e slop e . Ins o far as th e size gra da tion on th e for e ­
slop e is de p e nde nt o n t h e fin e r g rains r e a c hing th e fo re slop e b y s e ttlin g thr o ugh 
the zon e o f fl ow separatio n, this "reve rs e " grada t ion may be a fun c ti o n of 
s ca l e o f th e l a b o r a t o r y dun e s , h o w ever , dune s o f co mp a rabl e si ze occur in 
natur e a nd this f e atur e c ould b e pr e s e nt in natural dune s o f this s c ale ; 

{ii) " over - building" of th e upp e r part of th e fo r e slop e r e sults in a 
slumping m ec hanism t hat pr o du ces a slope dis continuity in th e upp e r part of 
the for e s e t laminati on; 

(iii) upward c onvexity o f stoss side s of dun e s l e ads to c ommon o ccur­
r e n ce s of stoss laminations; 
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(iv) parallel laminations dipping gently downstream were generated 
by slow downstream migration of undulatory , regularly spaced low bed waves; 

(v) plane beds generated planar laminations parallel to the bed sur­
face; and 

(v i) the success ion of bed forms with in c re as ing concentration of 
sediment in transport at a given discharge was: ripple - dune -dune - plane -
plane - dune-plane - total suspension. Neither antidune nor sliding - bed modes 

were observed. 

(b) Relationship of bed form to hydraulic parameters 

(i) Dune celerity is directly proportional to the cub e of m ean flow 
velocity; 

(ii) ratio of mean flow ve locity to ce lerity is inver s e ly proportional 
to the square of the Reynolds Number; 

(tii) ripple symmetry index is directly proportional to the square of 
the Reynolds Number ; 

(i v ) dune h e ight is 1/3 to l times hydraulic m ean depth; actual water 
depth is 2 to l 0 times dune h e ight; and 

(v) the system tends to maximize the hydrauli c mean depth by adjust­
nent of both bed h eight and bed form. 

It must be strongly emphasized that quantitative extrapolation of results from 
this simple experiment to the complexities of a natural system would be , at 
best, a t e nuous exercise. It is probable that irregularities in the boundarie s 
and the difference in scale of a natural subglacial flow syste m would make 
the occurr ence of particular sedimentary d etai ls such as r eve rs e sorting on 
fore sets, rare in nature. However , eve n occasional observation of such 
characteristics could prove to be diagnostic. In addition , a system flowing 
beneath i ce may adjust the position of its upper boundary with respec t to the 
bed merely by melting the roof upward (and the walls laterally) with heat 
energy generated by friction in the system. In a natural gla cia l system, water 
discharge and sediment load would be highly variabl e , calibre of s e diment 
supplied to the system could change abruptly, temperatures would be near 0° C, 
and ic e could interact with the system in many ways. Finally, there can be 
no net s e diment accumulation under true equilibrium cond itions. 

The best data available on natural concentrations of sediment in sub­
glacial transport come from measurements taken directly at glacier termini. 
There are few sources that attempt to place numbers on total sediment dis­
charge associated with water discharge. ~strem et al. (1970) give figures 
for Norwegian glaciers that indicate CT values of So~ 500 ppm averaged 
over the entire field season. Within this, there are numerous sediment con ­
centration peaks as much as 300 times the base concentration value . Commonly, 
much of the sedime nt is transported in only a small proportion of the run-off 
time , and concentrations vary greatly in different parts of the day. Thus, 
sediment concentrations measured in the pr e sent experiment are also exper ­
ienced naturally, although natural concentrations far in excess of 4, OOO ppm 
may be sedimentologically the most important in a natural system. High 
sediment conc ent rations would favour deposition in the system. 

The senior author has studied in detail sedimentary structures 

exposed in the Windsor esker, Quebec. This esker was partly deposited in 
a subglacial tunnel that discharged at a depth of 105 metres into a lake that 
stood against the glacier t e rminus. The subglacial tunnel, therefore, had to 
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have flowed full. Thick sections (> 16 m) of sand and gravel in this esker arc 
c haracterized entirely by parallel bedding and large-scale tabular cross­
stratification (sets average 40 cm thick and range up to 120 cm); scour-and­
fill structures are not commor. . It is apparent that sed imentat ion history was 
one of c s se ntially constant aggraclat ion, Stoss - laminae of dunes we r e observed 
frequ ently , as were parallel laminations that were both horizontal and gently 
dipping downstream. Neither the slope discontinuity in the foresets , nor the 
g r adation of coarse to fine material clown the forcsct we r e obse rved . Dunes 
and plane beds were the stable bed forms and, from experimental ::-esults 

reported h e r e , the inference could be made that the section was deposited at 
or near maximum hydraulic mean depth. Dune heights of 40 cm may indicate 
actual wate r depths of l to 4 metres. Constant aggradation of several metres 
of section under a water depth o f l Lo 4 metres anda!';sociated with a constantly 
high bed-shear stress indicates that accumulation was accommodated by an 
upward melting of the ice roof. Because R was maintained near a maximum 
as sediment accumulated , excess e nergy appar e ntly was expe nd ed as h ea t 
e n e rgy by a melting upward of the i ce roof, rather than by e roding the b e d . 
There should similarly have been a tendency for the tunnel to widen during 
phases of s ed ime nt accumulation, 

Glacier tunnel c ross-s ect ions can be directly observed only when they 

are at l east partially occupied by air. Lateral ablation might be expected to 
predominate over ve rtica l ablation in a tunnel only partly water-filled . Con­
sequently there is uncertainty regarding shape due solely to ablation by melt­
wate r . Stokes (1958) walked several hundr ed metres in a subglacial tunnel 
in Norway and provided a particularly good description of tunnel shape. The 
flat floor was underlain by boulde rs; the passages were roughly s emicir cular 
in cross-section with large polygonal scallops on ro of and sides. Only rarely 
did the h e ight of the roof excee d 3 metres and thewidthofthefloorlOmetres. 
Small tributary passages were frequently 2 m et r es wide and one metre hi gh . 
Koch and Wegener (1911) show several exce llent photographs of subglacial 
tunnels from Green l and and illustrate surveyed cross-sections from a sub­
g la c ial tunnel system that they followed for 2, OOO metres. Tunnel h e i ghts 
above flat, boulder-strewn floors averaged about 5 metres, with a maximum 
of 15 metres . F rom these reports, and from numerous r epo rts made infor­
mally to the authors, it would seem that a co1nrnon cros s-s ectional shape 
varies from circular to roughly semi - e lliptical, with a flat floor and w ith bed 
width as much as 5 times g r eater than c hannel height . For any given fi e ld 
situation, water depth and c hanne l width should be estimated fr om dune height , 
lateral variation of sediment , and dimensions of the sediment ridge (taking 
side-wall collaps e into account) . 

Once tunnel dimensions are approximated , momentary discharges 
could be estimated if a measure o f water velocity wa s available . This could 
possibly be estimated from considerations of particle size and crit ical trac­
tive force . The relationship of ripple symmetry index to mean flow ve lo city 
should b e investigate d further before being applied to a natural system. 
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Symbol 

a , b, c , 

c 

g 

H 

Q 

R 

Re 

RI 

RSI 

T 

v 

w50 
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EXPLANATION OF SYMBOLS 

(bar over symbol indicates mean valu e) 

Parameter Units 

long, intermediate, short grain axes , respectively 
(referred to in Corey shape factor only) cm 

ce lerity, or rate forward of migration of bed form cm/ sec 

total concentration of sediment in transport 
(by we ight) ppm 

acceleration of gravity 980 cm/ sec
2 

h eight of bed form cm 

discharge 1/ sec 

h ydrauli c mean depth 

Reynolds Number 

1' 
ripple index - H 

cross -s ectional area of flow 
w tted pc r imetc r 

V4 R 
kinC'matic viscosity of water 

ripple symmetry index 
stoss length 

lee length 

temperature 

mean flow ve l ocity 
Q 

cross - sectional area of flow 

l ength of bed form 

median settling velocity in ca l m water 

cm 

1/ sec 

0 c 

cm / sec 

cm 

cm/ sec 
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