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1 INTRODUCTION  

Combined flow, which commonly refers to a combi-
nation of unidirectional and wave-induced oscilla-
tory flow that is omnipresent in the natural environ-
ments (e.g., Dumas et al., 2005), generates bedforms 
on a sandy bottom. Combined-flow bedforms abun-
dantly exist in coastal and lake environments, and 
the ancient combined-flow bedforms exist in strati-
graphical records. Because bed roughness affects the 
dynamics of the bottom boundary layer and sediment 
transport, the relationship between the sizes of the 
bedforms and hydraulic conditions has been in-
tensely investigated by field (e.g., Li et al., 1996; Li 
& Amos, 1998) and laboratory studies (e.g., Tanaka 
& Dang, 1996; Khelifa & Ouellet, 2000; Yovanni et 
al., 2006).  

From the geological point of view, the shapes of 
bedforms as well as their size are important in order 
to interpret the ancient sedimentary environments 
under which bedforms in strata formed. Through ex-

periments, Arnott & Southard (1990), Yokokawa 
(1995), and Dumas et al. (2005) have classified 
combined-flow bedforms based on their shape and 
size and have proposed phase diagrams of the bed-
forms. However, such phase diagrams of combined-
flow bedforms have been proposed only for limited 
hydraulic conditions.  

This study presents the results of an experiment 
on combined-flow bedforms and focuses on their 
shapes. A bedform phase diagram is proposed, and 
comparisons between the previous phase diagrams 
are made for the different wave period. 

2 EXPERIMENT 

A recirculating flume of length, breadth, and depth 
12 m, 0.2 m, and 0.5 m, respectively, which belongs 
to the Department of Environmental Systems Sci-
ence, Faculty of Engineering, Doshisya University, 
was employed in this test (Fig. 1). The flume has a 
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ABSTRACT: Bedforms under combined flow with wave periods T = 1.5 and 1.0 s are examined through an 
experiment by using a recirculating flume. Three types of bedforms, i.e., relatively symmetrical small ripples 
(SSR), asymmetrical small ripples (ASR), and asymmetrical large ripples (ALR), formed in the above order 
with increase in the unidirectional-flow component of the combined flow for T = 1.5 s. For T = 1.0 s, the ASR 
developed with a larger unidirectional-flow component as compared to those developed for T = 1.5 s, and the 
ALR did not occur despite the large unidirectional-flow component in this test. The experimental results of 
this test for T = 1.5 s showed good agreement with the phase diagram for T = 10.5 s in the previous study; this 
impliesthat the effects of wave period on the shape of bedforms is significant between T = 1.0 sec and 1.5 s, 
and may be minor when T ≥ 1.5 s.  

Figure 1. Recirculating flume used in this test. 
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plunger-type wave generator at one end, and a wave 
absorber at the other end in order to reduce the re-
flecting wave energy. A plumbing system in the 
flume enable to control the current direction, which 
is generated by a slurry pump integrated into the sys-
tem. Therefore, the flume can generate two types of 
combined flow with different combinations of direc-
tions of waves and current: (1) “favorable” com-
bined flow, in which the waves and current travel 
along the same direction and (2) “adverse” combined 
flow, in which the directions of the waves and cur-
rent are opposite. Here, the terms “onshore” and 
“offshore” represent the directions of wave propaga-
tion, and “upstream” and “downstream” indicate the 
directions of current. In contrast to the purely sym-
metrical oscillatory flow in oscillatory-flow tunnel, 
wave-induced oscillatory flow is commonly skewed; 
the onshore flow possesses larger velocity and 
shorter duration as compared to the offshore flow 
(e.g., Komar, 1998). The examination of bedforms 
under both favorable and adverse combined-flow 
conditions will show the effects of the asymmetry in 
wave-induced flow. 

 

 
 
Figure 2. Relationship between the near-bottom flow field, in-
termediate flow field, and ripple geometry. 
 
This study examines the bedforms, which develop 
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 4 
m, 0.2 m, and 0.05 m, respectively. The bed material 
is well-sorted quartz sand with a median grain di-
ameter D = 0.2 mm. The hydraulic conditions in this 
test are as follows: h = 20 cm, T = 1.5 and 1.0 sec, uo 
≤ 55 cm/s, and –45 cm/s ≤ uu ≤ 34 cm/s where h is 
the water depth above the bed; T, the wave period; 
and uo and uu, the oscillator-flow and unidirectional-
flow velocity components of the combined flow, re-
spectively (Fig. 2). The positive and negative of uu 
values indicate the current direction relative to the 
wave direction: the positive value indicates the fa-

vorable (onshore) direction, and the negative value 
indicates the adverse (offshore) direction. Here, the 
absolute value of uu will be represented as |uu|.  

The uo and uu values were obtained by using flow 
velocity data at a distance of 1 cm above the sand 
bed, which are measured by an acoustic Doppler ve-
locimeter. This is because our preliminary experi-
ment showed that the degree of ripple asymmetry 
agreed better with the degree of asymmetry in the 
near-bottom flow field at a distance of 1 cm above 
the bed as compared to that in the intermediate flow 
field at a distance of 5 cm above the bed (Fig. 2). 
The development processes of bedforms are re-
corded on a digital video camera, and their digital 
photographs are taken at certain intervals of time.  

3 RESULTS AND DISCUSSION 

The resulting bedforms showed significant variation 
in their shapes and sizes, and were categorized into 
three types based on the degrees of ripple asymme-
try, shape of ripple crest, and ripple wavelength, as 
follows: (1) relatively symmetrical small ripples 
(Fig. 3a), (2) asymmetrical small ripples (Fig. 3b) 
and (3) asymmetrical large ripples (Fig. 3c). The 
“asymmetrical ripples” indicate ripples with ripple 
symmetry index (RSI = b/a where a and b denote 
horizontal lengths of lee and stoss sides, respec-
tively; Fig. 4) greater than 2 (Dumas et al., 2005), 
and “large ripples” indicated those with λ ≥ 30 cm, 
where λ denotes the ripple wavelength.  
 

 
 
Figure 3. Profiles of the combined-flow bedforms developed in 
this test: (a) relatively symmetrical small ripples, (b) asymmet-
rical small ripples, and (c) asymmetrical large ripples. 
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Figure 4. Terminology used to describe the ripple morphology. 
 
It should be noted that the bedforms were not always 
in the equilibrium state even at the end of the ex-
perimental runs. Because of the limited sizes of the 
sand bed and flume, the durations of the experimen-
tal runs were not sufficiently long for the develop-
ment of the equilibrium state of the bedforms par-
ticularly for cases with current-dominant conditions 
(e.g., Baas, 1999). Therefore, the relationship be-
tween the sizes of the bedforms and the near-bottom-
flow conditions will not be examined in this test.  

However it is worthwhile to describe their charac-
teristics because bedforms in the natural environ-
ments are not always in the equilibrium state (e.g., 
Traykovski et al., 1999). The characteristics and 
formative conditions of the three types of bedforms 
will be described bellow.  
 
3.1 Characteristics of bedforms 
Relatively symmetrical small ripples (Fig. 3a; here-
after called as SSR), are similar to ripples developed 
under wave-induced oscillatory flow alone. The SSR 
are two-dimensional ripples, and their profile is rela-
tively symmetrical with 1 ≤ RSI ≤ 2. Their crest and 
brink point are undivided, and their crest is sharp 
and angular. The trough of SSR shows a rounded 
profile. The Ripple Index (RI = η/λ, where η denotes 
the ripple height; Fig. 3) generally fall in the range 4 
≤ RI ≤ 10. In this test, this type of ripples has wave-
length λ ≤ 10 cm. SSR form under the relatively 
symmetrical near-bottom flow field, which generates 
the vortices over both lee and stoss sides. The vor-
tices entrap sediment grains, and suspend them over 
the bed. The near-bottom suspended sediment clouds 
are transported along both the upstream and the 
downstream directions due to the wave-induced to-
and-fro flows, and the combined-flow ripples form 
with a relatively symmetrical profile. However, as 
described before, the intermediate combined-flow 
field possesses a larger unidirectional-flow compo-
nent as compared to the near-bottom combined-flow 
field; thus the suspended sediment grains in the in-
termediate layer travel almost only along the down-
stream direction.  

Asymmetrical small ripples (ASR; Fig. 3b) are 
generally two-dimensional ripples; however they are 
more or less irregular. The crest of this type of rip-
ples with RSI ≥ 2 is not always equal to the brink 
point; the crest of ASR is generally rounded. The RI-
value is commonly in the range of 4 ≤ RI ≤ 8, and 

the wavelength of this type of ripple is smaller than 
30 cm. Combined flows with the moderate |uu| val-
ues form this type of ripple. The vortices are gener-
ated only over the lee sides. Because the vortices ex-
cavate sediment grains in the trough area, the trough 
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. 

Asymmetrical large ripples (ALR; Fig. 3c) are 
two- or three-dimensional ripples, and with RSI ≥ 3 
and RI ≥ 8. The crest and brink point of these ripples 
tend to be separated. The wavelength of ALR is 
greater than 30 cm but less than 100 cm; this may be 
due to the limited duration of the experimental runs. 
Combined flow with large |uu| values form this type 
of ripple. The sediment grains are suspended due to 
strong vortices, which are generated only over lee 
sides, and the suspended clouds are transported only 
downstream.  

 
3.2 Formative conditions of three types of ripples 
The conditions for the development of the three 
types of ripples and for the formation of no ripples 
are plotted on the uu–uo planes (Arnott & Southard, 
1990; Yokokawa, 1995; Dumas et al., 2005) for T = 
1.5 s (Fig. 5a) and 1.0 s (Fig. 5b). Yokokawa’s 
(1995) data for T = 1.0 s and 1.25 s are also plotted 
on the uu–uo plane for T = 1.0 s (Fig. 5b): Yoko-
kawa’s (1995) wave-dominated and current domi-
nated combined-flow ripples (abraded as W.D. CFR 
and C.D. CFR in Fig. 5, respectively) are equivalent 
to the SSR and ASR in this study, respectively.  
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Figure 5. Combined-flow phase diagram with the unidirec-
tional-flow component and oscillatory flow component as axes 
for (a) T = 1.5 s, and for (b) T = 1.0 s. 
 
The boundaries between the SSR, ASR, and ALR 
disagree with the phase diagrams for T = 1.5 s and 
1.0 s (Fig. 5). The combined-flow ripples form when 
uo ≥ –0.8|uu| + 16. For T = 1.5 s, the SSR develop 
when |uu| ≤ 8 cm/s; ASR, when |uu| ≥ 8 cm/s and uo ≤ 
–4|uu| + 120; and ALR, when uo ≥ –4|uu| + 120 (Fig. 
4a). When T ≈ 1.0 s, the SSR develop when |uu| ≤ 8 
cm/s, and ASR, when 8 cm/s ≤ |uu| ≤ 35 cm/s. ALR 
are not observed in this test (Fig. 5b).  

These results show that the positive and negative 
uu values do not significantly affect the develop-
ments of the combined-flow bedforms (Fig. 5). 
Thus, the effect of the asymmetry in wave-induced 
oscillatory-flow component on the formation of the 
combined-flow bedforms appears negligible, at least 
when T ≤ 1.5 s and D = 0.2 mm.  

The comparison between our data for T = 1.5 s 
and Dumas et al.’s (2005) phase diagram for T = 
10.5 s and D = 0.22 mm shows good agreement (Fig. 
6). This implies that the effects of wave period on 
the shape of bedforms may be minor when T ≥ 1.5 s; 
further experiments with 2 s ≤ T ≤ 10 s are expected. 

 

 
 
Figure 6. Comparison between the formative conditions of the 
combined-flow bedforms in this test and Dumas et al.’s (2005) 
phase diagram for T = 10.5 s and D = 0.22 mm. 

4 CONCLUSION 

This flume experiment examined combined-flow 
bedforms for T = 1.0 s and 1.5 s and D = 0.2 mm. 
Three types of bedforms, SSR, ASR, and ALR, 
formed in the above order with increase in the |uu| 
values for T = 1.5 s; however, ALR did not form in 

this test for T = 1.0 s.  Phase diagrams for T = 1.0 
sec and for T = 1.5 sec disagreed with each other, but 
the latter is consistent with Dumas et al.’s (2005) 
phase diagram for T = 10.5 s. 
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