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ABSTRACT: Bedforms under combined flow with wave pes(@ = 1.5 and 1.0 s are examined througt
experiment by using a recirculating flume. Thregety of bedforms,e., relatively symmetrical small ripples
(SSR), asymmetrical small ripples (ASR), and asytnioa large ripples (ALR), formed in the above erd
with increase in the unidirectional-flow componehthe combined flow fof = 1.5 s. Foil = 1.0 s, the ASR
developed with a larger unidirectional-flow compohas compared to those developedTer 1.5 s, and the
ALR did not occur despite the large unidirectioflalw component in this test. The experimental rissof
this test forT = 1.5 s showed good agreement with the phaseattratpr T = 10.5 s in the previous study; this
impliesthat the effects of wave period on the shafpeedforms is significant betwe@dnh= 1.0 sec and 1.5 s,
and may be minor wheh> 1.5 s.

1 INTRODUCTION periments, Arnott & Southard (1990), Yokokawa
(1995), and Dumas et al. (2005) have classified

Combined flow, which commonly refers to a combi-combined-flow bedforms based on their shape and

nation of unidirectional and wave-induced oscilla-size and have proposed phase diagrams of the bed-

tory flow that is omnipresent in the natural enmho forms. However, such phase diagrams of combined-

ments (e.g., Dumas et al., 2005), generates bedformflow bedforms have been proposed only for limited

on a sandy bottom. Combined-flow bedforms abunhydraulic conditions.

dantly exist in coastal and lake environments, and This study presents the results of an experiment

the ancient combined-flow bedforms exist in strati-on combined-flow bedforms and focuses on their

graphical records. Because bed roughness affexts tehapes. A bedform phase diagram is proposed, and

dynamics of the bottom boundary layer and sedimerdomparisons between the previous phase diagrams

transport, the relationship between the sizes ef thare made for the different wave period.

bedforms and hydraulic conditions has been in-

tensely investigated by field (e.g., Li et al., 69Qi

& Amos, 1998) and laboratory studies (e.g., Tanak& EXPERIMENT

& Dang, 1996; Khelifa & Ouellet, 2000; Yovanni et

al., 2006). A recirculating flume of length, breadth, and depth
From the geological point of view, the shapes ofl2 m, 0.2 m, and 0.5 m, respectively, which belongs

bedforms as well as their size are important ireord to the Department of Environmental Systems Sci-

to interpret the ancient sedimentary environmentgnce, Faculty of Engineering, Doshisya University,

under which bedforms in strata formed. Through exwas employed in this test (Fig. 1). The flume has a
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Figure 1. Recirculating flume used in this test.
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plunger-type wave generator at one end, and a waw@rable (onshore) direction, and the negative value
absorber at the other end in order to reduce the rendicates the adverse (offshore) direction. Hehe, t
flecting wave energy. A plumbing system in theabsolute value afi, will be represented ag,|.

flume enable to control the current direction, whic ~ Theu, andu, values were obtained by using flow
is generated by a slurry pump integrated into §ise s velocity data at a distance of 1 cm above the sand
tem. Therefore, the flume can generate two types dfed, which are measured by an acoustic Doppler ve-
combined flow with different combinations of direc- locimeter. This is because our preliminary experi-
tions of waves and current: (1) “favorable” com-ment showed that the degree of ripple asymmetry
bined flow, in which the waves and current travelagreed better with the degree of asymmetry in the
along the same direction and (2) “adverse” combinedear-bottom flow field at a distance of 1 cm above
flow, in which the directions of the waves and cur-the bed as compared to that in the intermediate flo
rent are opposite. Here, the terms “onshore” anéleld at a distance of 5 cm above the bed (Fig. 2).
“offshore” represent the directions of wave propagaThe development processes of bedforms are re-
tion, and “upstream” and “downstream” indicate thecorded on a digital video camera, and their digital
directions of current. In contrast to the purelysy photographs are taken at certain intervals of time.
metrical oscillatory flow in oscillatory-flow tunmhe

wave-induced oscillatory flow is commonly skewed;

the onshore flow possesses larger velocity an@ RESULTS AND DISCUSSION

shorter duration as compared to the offshore flow

(e.g., Komar, 1998). The examination of bedformsThe resulting bedforms showed significant variation
under both favorable and adverse combined-flown their shapes and sizes, and were categorized int
conditions will show the effects of the asymmetry i three types based on the degrees of ripple asymme-

wave-induced flow. try, shape of ripple crest, and ripple wavelength,
follows: (1) relatively symmetrical small ripples
>0 [Gmore e (Fig. 3a), (2) asymmetrical small ripples (Fig. 3b)
- and (3) asymmetrical large ripples (Fig. 3c). The
. “asymmetrical ripples” indicate ripples with ripple
i .0"?7 symmetry index RS = b/a wherea andb denote
A ° horizontal lengths of lee and stoss sides, respec-
E o ooooqpoooo,. frem above the bottom tively; Fig. 4) greater than 2 (Dumas et al., 2Q05)
2 [0 o Os, Unidirectional-flow component, s, cmufsce and “large ripples” in_dicated those with> 30 cm,
200 o R whereA denotes the ripple wavelength.
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Figure 2. Relationship between the near-bottom flied, in-
termediate flow field, and ripple geometry.

This study examines the bedforms, which develoj
from a flat horizontal sand bed under various com
bined-flow conditions through 67 experimental runs!
The length, width, and height of the sand bed are
m, 0.2 m, and 0.05 m, respectively. The bed materijis Waves =l B ——
is well-sorted quartz sand with a median grain di 1
ameterD = 0.2 mm. The hydraulic conditions in this
test are as followd = 20 cm,T = 1.5 and 1.0 seqy,

< 55 cm/s, and —45 cmfsu, < 34 cm/s wheré is
the water depth above the bé&d;the wave period;
anduo and-u“’ the oscillator-flow and ur}idireCtional_ Figure 3. Profiles of the combined-flow bedformseleped in
flow \{elomty _components Of_t_he combined ﬂOW’ re- thigs test: (a) relatively symmetrical small rippl€ks) asyrinmet-
spectively (Fig. 2). The positive and negativeupf rica small ripples, and (c) asymmetrical largeptis.

values indicate the current direction relative le t

wave direction: the positive value indicates the fa

uo = 23 cm/sec, us = 22 cm/sec

uo = 11 cm/sec, uw = 29 cm/sec 10 cm
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¥ Hipplewavelenath. 1 % the wavelength of this type of ripple is smallearth
Qeeside,a | stoss side, b 30 cm. Combined flows with the moderatg| Val-

ues form this type of ripple. The vortices are gene
ated only over the lee sides. Because the voréiges
cavate sediment grains in the trough area, theykrou
is rounded. The sediment grains entrapped in the
vortices are transported in the mode of suspension
almost only downstream even in the near-bottom
layer.

It should be noted that the bedforms were not aéway ASymmetrical large ripples (ALR; Fig. 3c) are
in the equilibrium state even at the end of the extWO- Or three-dimensional ripples, and witSl > 3

perimental runs. Because of the limited sizes ef th@NdRI > 8. The crest and brink point of these ripples
sand bed and flume, the durations of the experimer€nd to be separated. The wavelength of ALR is
tal runs were not sufficiently long for the develop 9reater than 30 cm but less than 100 cm; this reay b
ment of the equilibrium state of the bedforms par-due to the limited duration of the experimentalstun
ticularly for cases with current-dominant condigon COmbined flow with largeu|| values form this type

(e.g., Baas, 1999). Therefore, the relationship pelf ripple. T_he sediment grains are suspended due to

tween the sizes of the bedforms and the near-bettorg’ONg Vvortices, which are generated only over lee

flow conditions will not be examined in this test. sides, and the suspended clouds are transportgd onl
However it is worthwhile to describe their charac-downstream.

teristics because bedforms in the natural environ- . . ,
ments are not always in the equilibrium state (e.g3:2Formative conditions of three types of ripples

Traykovski et al., 1999). The characteristics ang ne conditions for the development of the three

formative conditions of the three types of bedformdYPes of ripples and for the formation of no rigple
will be described bellow. are plotted on the,—u, planes (Arnott & Southard,

1990; Yo'kokawa, 1995; Dumas et al., 2005) Tor
3.1 Characteristics of bedforms 1.5 s (Fig. 5a) and 1.0 s (Fig. 5b). Yokokawa’'s
Relatively symmetrical small ripples (Fig. 3a; here (1995) data folf = 1.0 s and 1.25 s are also plotted

after called as SSR), are similar to ripples deweto ©ON theu—o plane forT = 1.0 s (Fig. Sb): Yoko-

under wave-induced oscillatory flow alone. The SSRawa’s (1995) wave-dpminated and current domi-
are two-dimensional ripples, and their profileétar ~ Natéd combined-flow ripples (abraded as W.D. CFR

tively symmetrical with & RS < 2. Their crest and and C.D. CFR in Fig. 5, respectively) are equivalen
brink point are undivided, and their crest is sharg® the SSR and ASR in this study, respectively.
and angular. The trough of SSR shows a rounded

RI=4/n
RSI = bla

ripple height, n

crest

brink point

Figure 4. Terminology used to describe the ripptephology.

profile. The Ripple IndexRl = 77/A, wheren denotes %60 A T=15sec ;20 ASSR

the ripple height; Fig. 3) generally fall in thenge 4 3 vzl +120 _{ A e
< RI < 10. In this test, this type of ripples has wave-z ,,|. \\\>\ ; o SN
length A < 10 cm. SSR form under the relatively £ el e\ e T
symmetrical near-bottom flow field, which generates§ e | &

the vortices over both lee and stoss sides. The vog | ]

tices entrap sediment grains, and suspend them ov. oo
the bed. The near-bottom suspended sediment clou z M,,[*\",e\g%o ,::'4)%“,”8
are transported along both the upstream and tfg o Ladverse BN\ favorabie
downstream directions due to the wave-induced tc™ ~ e e N
and-fro flows, and the combined-flow ripples form _
with a relatively symmetrical profile. However, as & b 7=~ 1.0 sec
described before, the intermediate combined-flow % '
field possesses a larger unidirectional-flow compo;"
nent as compared to the near-bottom combined-flo\£ ; : : !
field; thus the suspended sediment grains in the irf G R B RT
termediate layer travel almost only along the down : ' - N <>Ol"-Q> © )
stream direction. - PR T o4
Asymmetrical small ripples (ASR; Fig. 3lare S | 4 =09 + 18
generally two-dimensional ripples; however they areg |aese |,/ 7 I/ Y, favorable
more or less irregular. The crest of this typeipf r 60 —40 20 0 20 40 60
ples withRS > 2 is not always equal to the brink EinicikectionsbfloicosBoent er ol pec
point; the crest of ASR is generally rounded. Rhe
value is commonly in the range of<4RI < 8, and

This study
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Figure 5. Combined-flow phase diagram with the e
tional-flow component and oscillatory flow compoheis axes
for(@T=1.5s, and for (b) = 1.0 s.

this test forT = 1.0 s. Phase diagrams fbr= 1.0
sec and fofl = 1.5 sec disagreed with each other, but
the latter is consistent with Dumas et al.’s (2005)

The boundaries between the SSR, ASR, and ALIQhase diagram fof = 10.5 s.

disagree with the phase diagrams Tor 1.5 s and
1.0 s (Fig. 5). The combined-flow ripples form when
Up > —0.8| + 16. ForT = 1.5 s, the SSR develop > ACKNOWLEDGEMENT
when | < 8 cm/s; ASR, whenj| > 8 cm/s andl, <
—4)y| + 120; and ALR, when, > —-4},| + 120 (Fig.
4a). WhenT = 1.0 s, the SSR develop wheg| K 8
cm/s, and ASR, when 8 cmis|uy| < 35 cm/s. ALR
are not observed in this test (Fig. 5b).
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Figure 6. Comparison between the formative condlitiof the
combined-flow bedforms in this test and Dumas &% §2005)
phase diagram for = 10.5 s and = 0.22 mm.

4 CONCLUSION

This flume experiment examined combined-flow

bedforms forT = 1.0 s and 1.5 s arid = 0.2 mm.
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Three types of bedforms, SSR, ASR, and ALR,

formed in the above order with increase in thg |
values forT = 1.5 s; however, ALR did not form in
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