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St»MY: A series of fllllE experillEl"ltswas undertaken to detennine the danain of flOti
conditions under \'ottichstep-pool sequences are fomEd. This danain can be characterized
by the ratio of average shear stress to the shear stress required to IIDvethe largest grain
sizes (TITer) and the Froude nlliDer (Fr). Step spacing was correlated with the antidune
wavelength and steps did not fonn \'ottenparticle IIDtionwas continuous under high sediment
transport rates.

1. ItmmXTIOO

Manyhighgradient, boulder-bedstreamsare characterized by alternating steep andgentle
segments\'ottichtypically create a staircase structure of steps andpools. This structure
is canoonlyexpressedat b.o distinct scales (Fig. 1). Thefirst is channel-spanningsteps
~sed of large boulders interspersed with small pools less than one channelwidth in
length; the step and its associated pool is temEd a step-pool sequence. fotJltiplestep-
pool sequencesalternating with large pools longer than the channelwidth are temEd
channelunits (Grantet al, 1990)or S\Ells (Kishi et al, 1987).

Channelunits and individual step-pools are i~rtant fran several perspectives. These
structures constitute a major carponent of flOti resistance in IIDuntainstreams and
dissipate stream energy that might otherwise be available for sedimenttransport and
channelerosion (Ashidaet al, 1976;1986a,b). Sedimenttransport andstorage in JOOUntain
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F;gure 1: Plan and side view of channel unit and step-pool sequences,
showing bed armor and alternate bars (AB).
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streams are regulated by the geanetry of step-pool sequences; bedload transport during 1001
to nDderate discharges involves JOOvE!lll!ntof relatively fine material (gravel and sand)
through steep channel units and deposition in pools (Whittaker, 1987 a,b; Sawadaet al,
1983). ecn.>lexhydraulics generated by alternating steep andgentle gradient units provide
diverse habitat for streCIIIorganisms, notably fish, W'iich shOolstrong preferences for
specific channel units (Gregory et al, 1991). Maintaining channel unit and step-pool

"JOOrphologyis thus ilJ1)Ortantto minimize channel instability, reduce sediment transport,
and maintain stream health for aquatic ecosystems.

little is knoton,hcMever,about the mechanismsand flOoiconditions required for step-pool
formation. Step-pools generally are stable during JOOstflOolSbut can be re't'«>rkedor
destroyed by large floods and debris flOolS(Hayward,1980; Sawadaet al, 1983; Ashida et
al, 1981). Because recurrence intervals for flOolSfonning channel units are likely to be
20 to 50 years or greater (Grant et al, 1990), field data on step-pool formation are sparse
and limited to visual observations of recovery of step-pool topography folloong debris
flOoi (Sawadaet al, 1983). I-bst research on step-pool JOOrphologyhas been done in flures
and ITUChof this ilJ1)Ortant\«>rkis Icnc:w1only in Japan (Judd and Peterson, 1969; \rIiittaker
and Jaeggi, 1982; Ashida n...Jh 1984; 1985; 1986a,b; Hasegawa,1988).

In this paper wereport on a series of flure experiments W'iichexaminedthe basic processes
of step-pool formation under a range of flOoi and sediment transport conditions. These
experiments included both clear water flOolSand runs W1eresedinent was supplied fran
upstream. The latter is a JOOrerealistic representation of natural river systems, since
step-pools fonn during large floods W1enbedload transport rates are high.

2. MEl1mS

A series of flure experiments were conducted in fall, 1988 in the 11 mlong by 0.5 mwide
adjustable-slope flure located at the Public WorksResearch Institute in Tsukuba, Japan.
Waterwas delivered to the flure by a plII1)with a maxinuncapacity of 50 l/see; discharges
were neasured at the lONerend of the flure through a calibrated V-notch weir. Unitrodal
bedload mixtures, with maxinungrain sizes equal to 64 and 30 nm,were used as bed material
(Fig. 2) and supplied at constant rates during sane runs by a belt-conveyor feed system
located at the upstream end of the flure. Whenthe finer mixture was used, the flure width
was reduced to 0.25 m to maintain a constant ratio of maxinungrain size diameter to
channel width.

Before each run, slope was adjusted, and wetted bed material was added to a unifonn depth
of 10 emalong the entire length of the flure. Water surface and bed material slope were
then allONed to reach equilibritJ11 with the ilJ1)Osedwater and (in sane runs) sedinent
discharge. Water depth, bed elevation, and velocity were neasured at 7 minute intervals
using point gauges and micro velocity neters placed at 0.5 m stations along the flure;
three readings equidistant across the flure width were taken at each station. Bedload
discharged at the flure outlet was collected for 3O-seeondsat I-min intervals throughout
the run. The colleeted bedload was weighed and volures detennined, and the diameter of
the interm:!diate (b) axis of the 10 largest particles caught wasneasured. After each run,
the bed was exClllinedand the location, orientation with respect to flure sidewalls, and
percent of channel spanned by each step fomed during the run were neasured. Beds were
photographed and bed material taken for particle size analysis for sane runs.

Total boundary shear stress for each station 1s was calculated as:

't.=pgdsin9. (1)

W1erep is the density of water (1.0 gIcn?), g is the gravitational constant, d is the
depth of water, and as is the local bed slope averagedover 0.5mup- anddOoInstreamfran

-524-



Cumulative percent finer
. 100

o
va 0.1 0.3 I J 10 JD 100

Particle size class (mm)

~"A801-_1I1If..~.
10

40

Figure 2: Particle size distributions for the two experimental mixtures.

the station. TheFroudemilDer(~) for each station wasdetenninedas:

FR =--2 (2)
1I,;ga

\tot1erev, is the average lII!asuredvelocity for each station. Averageshear stress for the
run (1r) was detennined by averaging all 15 values and average Froude nllTberfor the run
(fR..) was similarly calculated by averaging all ~ values.

3. EXPERIMENTAL RESULTS

The experilll!Otswere carried out in three parts. Weconductedpreliminary runs to
characterize the relationship betweenshear stress andsize of particle entrained for the
t\«>mixtures. Next,wevaried slope anddischargein a series of clear-water (no sedilll!nt
added)runs to define the rangeof flowconditionsrequired to fonnstep-pools. Finally,
we fed sedilll!nt into the upstreamend of the flUlll!to investigate the effects of high
sedilll!nttransport rates on step-pool fonnation.

3.1 InciDient rrotionexoerilll!nts

A series of incipient rrotion experilll!ntswere conductedwith both bedloadmixtures to
detennine critical shear stresses for entraining bedmaterial. Previousfield \«>rkhad
detenninedthat steps are carposedof the largest bed particles in the stream (Grantet
al, 1990), so results wereexpressedby the averagerun shear stress 1r and the largest
particles capturedduring the run (Fig. 3). Result~fran these experilll!ntswereused in
later runs to define a dilll!nsionlessshear stress 1 :

(3)

w,ere 1eris tbe critical shear stress for enttaining the largest particles in the mixture
(330dynes/rnf for mixtureAand 170dynes/on'for mixtureB).

3.2 Mechanismsand flow conditions for steDfonnation

Step-pools were observed in the bed of the flUlll!follOtiing SalE runs. Steps were
distinguished as a linear arrangarent of in'bricated particles oriented rrore or less
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Figure 3: Results from incipient motion experiments for the two mixtures
shown in Fig. 2.

perpendicular to flCM(Fig. 4). Pools were moredifficult to observe but appeared after
the flume was drained as pockets of residual water, often partially filled with fines,
located just dcw1streamof steps. Reducing flCMdepth to less than the dianEter of the
largest grains folloong a run assisted recognition of steps and pools. Becausethe height
of individual steps was the SanEas the grain roughness, it wasnot possible to distinguish
steps by longitudinal bed profiles. Instead a visual rating system was srployed to
evaluate the degree of step develoJ1lEnt. The rating system went fran 1 (very poor or
obscure step, no clear inbrication, particles al igned obl iquely to flCM, no clear pool)
to 5 (very well-developed step, particles clearly inbricated, step oriented perpendicular
to flCM, well-defined pool dMlstream). Steps with a rating of 3 or greater were tenned
'well-developed' steps \ttt1ilesteps with a rating of 1 or 2 were tenned 'obscure' steps.

In runs W1ere step-pools fonned, step formation could be observed through the clear
sidewall of the flume. The process we observed is similar to that described by Whittaker
and Jaeggi (1983) and Ashida et al. (1984) with sare modification. Initially, particle
transport rates were high and the entire bed was active with rolling, sliding, and
saltating grains. Within 1-2 minutes after the beginning of the run, regular antidunes
fonned on the water surface, resulting in bed deformation in phase with the water surface.
As the bed defonned, individual large particles ~uld intennittently care to rest under
or imrediately cbmstream of the antidune crest. These large particles trapped other
smaller particles, creating a cluster of inbricated grains. Theshalla.Er depth over these
clusters caused the formation of a hydraulic jlll1>in the antidune trough. The turbulence
associated with this jlll1>scoured the bed imrediately dCMnstreamof the stalled grains,
accentuating the relief of the step. This entire process occurred sill1Jltaneously with
develOJ]lEntof an armor or coarse surface layer over the entire bed. Infilling of the
scour hole with fines occurred \ttt1enthe water level dropped at the end of the run reducing
the strength of the hydraulic jlll1>.

As predicted by these observations, there was a good con-elation (y-2= 0.50) between the
interstep spacing (measuredfran step crest to crest) and the antidune wavelength, defined
by the wavenl.lTberL = 'l:1cv//g,\ttt1erevr is the meanvelocity for the run (Kennedy, 1963)
(Fig. 5). $are scatter is probably due to using the flume as opposed to local (station)
averages \ttt1encalculating spacing and velocity. These results suggest that step spacing
might be a useful field indicator of paleovelocities required for particle entrainment and
step formation.
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Figure 4: An example of a step-pool. Note the imbricated particles in
the step and fines filling the downstream area (pool). Flow is from right
to left. Scale is graduated in centimeters.

The danain of step fonnation can be characterized by b«> dimensionless paraneters: the
ratio of average shear stress to the shear stress required to IOOvethe largest grain sizes
(1*) and the average run Froude nlJl'ber (Frr). Fl<* conditions for fonnation ot;.well-
developed steps weredefined reasonably well in our experiments by the range 0.5 < 1 S 1.0
and 0.7 < Frr S 1.0 (Fig. 6). For carparison. data replotted fran Ashida et al (1984) is
presented. They sh<* steps fonning over the same ranges of 1* but at Froude nlJl'bers
approximately twice as high as htaat we observed (Fig. 6). Reasons for this discrepancy
are unclear but mayhave to do with differences in h<* the Froude nlJl'berwas calculated
as Ashida et al used the shear velocity rather than Equation 2. There may also be
differences in criteria used to define steps. ~ly four of our runs had average Froude
nlJl'bers greater than unity and we observed steps fonning in all of then. so steps may
continue to fonn under supercritical fl<* conditions. as suggestedby Ashidaet al. In
both studies. there is catIII)f1agreerent that the critical conditions for step-pool
fonnation are: 1) heterogeneous bed mixture; 2) critical shear stress for the bed material
exceeded but less than critical shear stress for the maxinungrain size; 3) Froude nlJl'bers
near unity ~ fonnation of antidunes.

3.3 SteD fonnation durina sediment transoort

Several runs were conducted to examinethe effect of high sediment transport rates on step
fonnation. Weused an initial set of hydraulic conditions that had produced steps in
previous clear-water runs. In addition. we fed sediment (mixture B) into the upstream end
of the flum at htaat we calculated to be an equil ibrium transport rate. using the method
of Bathurst (1987). In the exmple reported here. the discltarge was 4 lis. initial bed
slope was 0.04. and sediment was fed at a rate of 1.140 OIf/min. The fl<* conditions
corresponded to an initial 1* · 0.7 and Fr · 0.8. well within the region of step fonnation
(Fig. 6). Theexperiment wasconducted in three parts (Fig. 7). First. steps were allONed
to fonn under a clear water regime (0-20 minutes). After the flum was drained to pennit
observation of the bed. both water and sedimentwere fed at constant rates for 130minutes.
intemapted only at 90 minutes to observe the bed. Sediment feed was stopped at ISO
minutes and clear water allONedto run for an additional 30 minutes. Sedimentoutfl<* and
grain size distribution of the bedload exported fran the flum were measured throughout
the experiment. as was the grain size distribution of the initial and final bed.
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Figure 5: Interstep distance (measured crest-to-crest) as a function of
antidune spacing as defined by the wave number Lm. 2wv2/g.
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Results fran this experillEnt deroonstrate the interactions arrongdeve10pnentof steps, bed
anoor, and alternate bars. DJring the initial 20 minute period \\tIen no sedillEnt was
introduced, well-developed steps fonred and the bed anoored in the manner previously
described (Fig. 7). Alternate bars did not fonn during this period and steps spanned the
entire flume width. Both the sedillEnt transport rate and the maxinunsize of transported
particles were initially quite high but dropped markedlyas the bed anoored. Anmring of
the bed proceeded fran the upper to the 10i\1E!rpart of the flume, suggesting that absence
of upstream supply wasa key factor contributing to anoor fonnation, as has been suggested
e1setl1ere (Dietrich et a1, 1989).

A different set of bedfonns and sediment transport processes was observed during the 130
minute period \\tIensedillEnt was fed into the flume. As it turns out, the sediment input
and outflc:Mrates were not in eqvilibril.rn during the experiment; average transport rate
fran 20 - ISOminuteswas515arf/min, roughlyhalf of the feed rate. This resulted in
significant aggradationin the upperendof the flume. Theslope steepenedfran 0.037at
12minutesto O.O~at 146minutes. Becauseof the increasedgradient, Frr increasedfran
0.78 to 0.93 and1 increasedfran 0.73 to 0.94 during this period. Theseincreases were
still within the danain of step fonnation (Fig. 6), so steps should have fonred. <Xt1y
poor1y-fonredsteps (rating nl.rber S 2) wereobserved,hOi\IE!ver,after either 90 or ISO
minutes \\tIen the flume was drained. Instead, well-developedalternate bars amrged
para11e1 to the walls along both sides of the fl ume.

Step fonnation was inhibited by high sedimenttransport rates and lack of bed anooring.
Several factors contributed to this. Hightransport rates resulted in frequent grain-to-
grain collisions so individual particles never stopped for very long. Ballistics
frequently disrupted accumulatingclusters of particles so the local conditions for
hydraulic jumpand step fonnation occurredonly occasionally. A secondfactor wasthe
longitudinal segregationof bedloadinto coarseandfine zones. Thispher1<ll'enon,described
by Iseya and Ikeda (1987),wasobservedin both the size of largest particles in transport
(Fig. 7) and the grain size distribution of the bedload(Fig. 8). Fran 20 - 90 minutes,
bedload was predaninant1y fine sedillEnt \\tIile fran 90 - 140 minutes, the bedload was
significantly coarser than the initial bedmaterial and sedillEntfeed (Fig. 8). Another
fine sedimentzonewasbeginningto appearat the flumeoutlet at the time sedimentfeed
was stoppedat ISOminutes(Fig. 8). Themechanismby \\tIichthis segregation inhibited
step fonnationdependedon \rtIetherbedloadwaseither fine or coarse sediment. In areas
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Figure 6: Domainof step formation. Shaded area represents zone of clear
steps. Data from Ashida et al (1984) also shown.

of the bed daninated by fine sediment, individual larger grains rarely stopped because they
protruded higher in the water colum and were thus exposed to higher shear stresses. In
addition, fine sediment filled the interstices between larger grains, thereby SiIDOthing
the bed and reducing fl(7,tlresistance (Iseya and Ikeda, 1987; Whiting et al, 1988). In
regions daninated by coarse sediment, grain-to-grain collisions, as described above, were
roore frequent. In neither case were well-developed steps observed.

Steps did refonn, hct.Ever, when water alone was allOo\'edto run for 30 minutes after
sediment feed was stopped at ISOminutes (Fig. 7). Step fonnation was acca11>aniedby
fonnation of a bed anner layer (Fig. 8). Jobst steps fonned adjacent to alternate bars
where zones of higher shear stress were concentrated; these steps only spanned the wetted
channel and could not be traced onto the surface of the adjacent bar. The constricted
width adjacent to bars favored antidune fonnation \\tIich mayhave praooted fonning steps.

4. Discussion and SllJlllarv

Takenwith the earl ier \tIOrkof Whittaker and Jaeggi (1983) and Ashida et a1 (1984), these
experiments provide the basis for understanding the mechanismsand fl(7,tlconditions for
step-pool fonnation. Widely-sorted bed material is required for t\tlOreasons. First, so
large grains \\tIich protrude into the fl(7,tlcolum can produce hydraulic jllq)s and second,
so there is sufficient disparity in entrainment thresholds and bed roughness that larger
grains can trap smaller ones. Sorting coefficients for the bed mixtures, defined by the
ratio ~16' were 17 and 15 for the A and B mixtures, respectively (Fig. 2); sorting
coefficlents of 20 or greater have been observed in step-pool streams in the field (Grant
et al, 1990). Bedfonns salE'tttlat analogous to steps, such as transverse ribs, may be
producedby a process similar to step fonnation \\tIere bed material is rooreunifonnly sorted
(Iti)onald and Bannerjee, 1971; fbIonald and Day, 1978; Koster, 1978; Kishi et al, 1987).
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Flawconditions for step fonnation require near-critical to supercritical flaw conditions
over the bed and RlIst be close to but not exceedthe entraiment thresholds for the largest
(~ or larger) particles. Paleohydraulic calculations fran field observations give
similar estimates of FroudenlJTbersfor these entraiment thresholds (Grant et al, 1990).
A further constraint on step-pool fonnation is that the relative roughness (ratio of
particle size to flaw depth) be close to unity: Otherwise protruding particles cannot
generate hydraulic jlll1>s. This conclusion has also been confinood by field observations
andpaleohydrauliccalculations (Ba.r.man,1977;Jarrett andCosta1986;Grantet al, 1990).

Whilestep-pool fonnation requires that critical shear stresses be exceededfor IJI)stof
the bed material, our results also indicate that sedimenttransport rates cannot be too
high. This suggests \<tt1ystep-pools are typically foundonly in streamswre sediment
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supply rates are relatively lew and canyons are narrtfti, such as steeply dissected channels
draining areas with carpetent bedrock. Step-pools are not canoonin wide alluvial channels
with abundant sediment supply --glacial outwashstreams, for exall1'le -- both becausethe
bed material tends to be roore uniform and sediment transport rates are ltigh (e.g.
Fahnestock, 1963).

Factors controll ing formation of step-pools appear to be fundamentally different than those
creating large pools. While step-pools are features W10sehorizontal and vertical
dimensions are scaled by the depth of flew and coarsest grain sizes, large pools have
lengths scaled by the channel width (Fig. 1). These larger features a.E their origin to
secondary circulation patterns developed around channel curvature or resistant boundary
material (Lisle, 1986).

Given the ilTpOrtant hydraulic, geaoorphic, and ecologic roles that step-pools play in
stream and riparian systems, we RUst recognize conditions W1ichfavor step formation.
Effective strategies for restoring ecologic functioning in streams follcwing disturbances
such as debris flews or large floods may involve praooting formation of step-pool
sequences. This may include roodifying channel gemetry -- channelwidth, for exall1'le--
to create high FroudenlllDers and shear stresses during high flew events, introducing large
particles or resistant boundarymaterial, or in the case of regulated streams, by altering
the flew regime to produce the required flew conditions, at least terrporarily. Future
research should evaluate the effectiveness of these strategies in a range of channel
envi rorJI'EJ1ts .
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