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History of stepped channels and spillways:
a rediscovery of the ‘“wheel”’

H. Chanson

Abstract: Recently, spillways with a stepped profile have regained interest and favor among design
engineers to pass flood waters over the dams. The stepped geometry enhances the energy dissipation
above the spillway and reduces the size of a downstream stilling basin. In this paper, the author shows
that the technique of stepped channels has been developed since Antiquity. Spillways and irrigation
channels with stepped profiles were developed by several civilisations around the Mediterranezn sea and
in America. The main characteristics of the stepped spillways along the ages suggest a regular evolution

years ago.

similaires a il y a 200 ans.

. Introduction

ergy dissipation of spillway flows is usually achieved
a standard stilling basin downstream of the spillway
iere a hydraulic jump is created to dissipate a large amount
ow energy, (if) a high velocity water jet taking off from
lip bucket and impinging into a downstream plunge pool
e (m) the construction of steps on the spillway to assist in
energy dissipation (Fig. 1). Water flowing over a stepped
nel can dissipate a major proportion of its energy. The
eps increase significantly the rate of energy dissipation tak-
place along the spillway face, and eliminate or reduce
tly the need for a large energy dissipator at the toe of the
llway. Typical examples (Table 1) include the cascading
lway of La Grande 2 (James Bay project, Canada), the
ywedog dam spillway (United Kingdom), the New Vic-
ia dam spillway (Australia), or the Upper Stillwater dam
il‘lway (U.S.A.).
Recent investigations (Essery and Horner 1978 Rajarat-
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rather than a revolution. Present stepped spillways are designed to pass similar discharges as 200
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Résumé : Récemment, |'intérét pour les évacuateurs de crues en marches d’escalier a augmenté
considérablement, pour déverser les crues sur les barrages. Le présence de marches augmente le taux de
dissipation d'énergie le long du coursier, et réduit la taille des bassin de dissipation d’énergie en aval.
Dans cet article, I'anteur monitre que la technigue des canaux en marches d'escalier €tait connue depuis
1' Antiquité. Des évacuateur de crues et des canaux d’irrigation, avec des marches d'escalier, ont éé
développés par plusieurs civilisations autour de la Méditérannée et aux Amériques. A travers les dges,
les caractéristiques des évacuateurs de crues suggérent une évolution de design plutot qu'une révolution.
Actuellement, les évacuateurs de crues en marches d’escalier sont concus pour déverser des debits

Mais clés - canaux en marches d'escalier, évacuateurs de crues, systéme d'irrigation, histoire,
techniques de construction, dissipation d'énergie.

and skimming flow. For flat slopes and small discharges, the
water proceeds in a series of free-fall nappes from one step
to another (i.e., nappe flow regime). The flow from each
step hits the step below as a falling jet with the formation of
a hydraulic jump on the step (Peyras et al. 1991; Chanson
1994). In the skimming flow regime, the water flows down
the stepped face as a coherent stream skimming over the
steps. The external edges of the steps form a pseudo-bottom
over which the flow passes (Rajaratnam 1990, Chanson
1993). The transition from nappe flow to skimming flow
occurs when the ratio of the eritical depth over step height,
d./h, becomes larger than 0.4 to 0.8 (Chanson 1994).

Some studies (e.g., Sorensen 1985) suggested that the use
of stepped channels for energy dissipation purposes was a
new concept, developed with the introduction of new con-
struction materials (e.g.. rtoller compacted concrete,
gabions), The construction of stepped spillways is facilitated
by the slipforming and placing methods of roller compacted
concrete and with the construction techniques of gabion dams.

In fact, the design of stepped chutes has been used since
Antiquity. Stepped channels were designed to contribute to
the stability of a structure (e.g.. overflow weir) and to dissi-
pate flow energy. In the first part of the paper, several exam-
ples of ancient stepped spillways and irrigation channels with
stepped profiles will be presented. It will be shown that the
technique of stepped channels was developed independently
by several ancient civilisations. Later, the author will review
the hydraulic characteristics of stepped spillways through
history.
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Fig. 1. Sketch of a stepped spillway.
de= (2/3)H

H Point of inception

of air entrai,nment
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boundary
layer

2. History of stepped spillways

The world's oldest stepped spillways are probably those of
the Khosr River dams, in Iraq (Fig. 2a). The Khosr River
dams were built around B.C. 694 by the Assyrian King Sen-
nacherib. They were designed to supply water to the
Assyrian capital city Nineveh (near the actual Mosul).
Remains of these dams are still in existence (Smith 1971).
Both dams feature a stepped downstream face and were
intended to discharge the river over their crests.

Much later, the Romans built stepped overflow dams in
their empire; remains can still be found in Syria, Lybia, and
Tunisia (Table 2). An example, the Kasserine dam, is shown
in Fig. 3a. After the fall of the Roman empire, Moslem civil
engineers gained experience from the Nabataeans,' the
Romans, and the Sabaens.? Stepped spillways built by the
Moslems can be found in Iraq and in Spain (e.g., Adheim
dam, Mestella weir).

Following the reconquest of Spain, Spanish engineers
benefited from the Roman and Moslem precedents and
designed dams with overflow stepped spillways (e.g.,
Almansa dam, Alicante dam, Barrueco de Abajo dam). In
1791, they built the largest dam with a stepped spillway, the
Puentes dam, but the dam was washed out in 1802 after a
foundation failure. Before 1850, the dam expertise of Span-
ish engineers was most exceptional. Not surprisingly, after
the conquest of America, the Spanish dam-building was
exported to the ‘‘New Indies.”” In central Mexico, several
stepped overflow dams were built by the Spanish during the
18th and 19th centuries (Fig. 3b).

The Spanish experience was known to French engineers

The Nabataeans were habitants from an ancient kingdom to
the east and southeast of Palestine that includes the Neguev
desert. The Nabataean kingdom lasted from around B.C. 312
to A.D. 106.

The word Sabaen is the ancient name of the people of
Yemen. The kingdom of Saba (or Sheba) is renown for the
visit of the Queen of Saba to the King of Israel Salomon
around B.C. 950.

Can. J. Civ. Eng. Vol 22, 18ae

by the middle of the 17th century. The feeder system of the
Canal du Midi,® designed by Riquet and extended by
Vauban, included several stepped channels and cascades
(Rolt 1973). Stepped chutes were designed to dissipate the
flow energy and to prevent scouring.

In the United Kingdom, several dams were built near fur-
naces and water mills. Some included stepped weirs and
spillways. It is believed that English engineers gained
experience from the Romans who built aqueducts and dams
during their occupation.

It is worth mentioning the timber dams (and ctib dams)
with stepped overflow weirs. The northeast part of America
benefited from the experience of northern European settlers
and timber dams were reported as early as A.D. 1600.
During the period 1800—1920, timber dams were popular in
America, Australia, and New Zealand. Most timber dams
were 3—6 m high, but some much bigger ones were built
successfully to a height of 30 m. Timber overflow stepped
weirs were able to sustain large flood discharges without
major damage, ¢.g., the diversion dam on the Feather River

(Fig. 3f).

3. Ancient irrigation canal systems

Drop structures and stepped profiles were used also in some
early irrigation systems (Table 3, Fig. 2b). Most cases sug-
gest that the hydraulic expertise was developed locally
through evolution rather than technology transfer. In Saba
(i.e., actual Yemen), the Sabaens used stepped channel pro-
files in the early Antiguity. In Peru, the Indians civilisations
used stepped channels and drop structures prior to the Span-
ish conquest.

One of the most ingenious canal systems was the Quishu-
arpata canal. The canal included two steep chutes designed

I

3 The Canal du Midi was built between 1666 and 1681 to
provide an inland route between the Atlantic and the
Mediterranean across southern France. The feeder system
was later extended in 1686— 1687.
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Fig. 2. Historical development of stepped channels in the world: (@) ancient stepped spillways; (b) ancient irrigation systems with

stepped profiles.

I

(a)

Khosr River dams

Roman dams with overflow
stepped spillway

Moslem dams with overflow
stapped spillway

s MNaaran channe|

v Hohokam canels

o] Peruvian canals

both with small steps (4 = 1 to 3 cm) along the chute course
and large steps (i.e., drop structures) near the end. No still-
ing ponds were used. This canal system highlights the
hydraulic expertise of ancient Peruvian engineers (pre-Inca
and Inca). They designed canals able to sustain supercritical
flows with steep slope gradients, drop structures, and
hydraulic jumps at the downstream end of the canais.

4. Discussion

4.1. Spread of the spillway design technology
From Antiquity to the beginning of the 20th century, the
Romans, Moslems, and Spanish contributed successively to

the dissemination of the arts of dam-building. Dams and
stepped overflow spillways were found early in the Middle
East, then the practice spread through the Mediterranean in
Roman times. The Muslim conquerors of the Hispanic penin-
sula brought their water traditions with them from the eastern
and southern Mediterranean. Seven hundred years of Moor-
ish control of Tberia left a strong influence of irrigation struc-
tures. Later, the Spanish conquerors of the New World
transferred deliberately their technology in turn.

Spain occupied an exceptional place in the development of
large dams. Most European countries and European settle-
ments in America benefited from their expertise, including in
the field of stepped spillway design. Clear evidences of the



251

m.:#?:___sﬁ—m._
paurpout sdas ¢ Aemppids mopaaA0 uoronnsuos fiwesew fwep ssamng 7~  £°9 [aol Ll utedg ‘ofeqy 2p ooaminueg
tpiy np eue) o 1oy Ajddns
191em isopeosed paddais Aq pamojiof
Jrom [pids Aruosewn yim wep gueg SIOBIBIED ‘SAPEISED ‘S[[EJIANEAN 43 [0yl 1£91 VUL ‘WEP 021134 1S
weEgo—90 =] WMe—4'T =Y syoo1q AIuosews s pasej “IRuow ut
isdeis £ w8 = ) Aemipds mopaeag 195 Kuosewr ajgqny fwep Qamid paamy 6L 1+ [ns] #6651 ureds ‘uep auedIpy
(g ~ y)sdos ¢ fw L'¢ = M
‘Kesvpids Kroosem pared gum wep yueg  siedal YIOMYOLG puR §OUG (M Sau0lg L 151} 8951 M TWEP 0RUIN WRYUINQYSY
[[B31240
e pue sd=:1s 1 Aq pamojjo] 15215 syoojq Lmosewr af1e] Jo Fuow) B s
PROIQ 11S310 Wep ayl JoA0 aB1eyosiq Kwosew siqqru fwep Kavid poan)  Op Sl [am ‘wsl LPRET uedg ‘wrep esuewry
§an001F ot
ﬂomuom UBIURSSES painod S[2MOP pEI] YIIM Pajodutod
ay Supnp swayso o £q ng s¥90]q Aruoseur o fwep ANARID (S A [wsl LD0ET beiy ‘wep unoypy
wel =M sjutol pareow
é) $/cW OOV~ = PVIBYISIP WINWIXTW pue $00[q Atuoseur a3Ie| (M
‘swapsopy a1 Aq g Jom paddog paoe) 2100 IBUIOW pue AIUOSPW A[qqmy [T 1'e Iwsl 096 av uedg ‘urep w29
sd=1s o UONONISU0D
fuaiem v 0l sotem Apddns ieioag jo K1uosewr $$955211NQq WRINSUMOP
J5P Wy /] wep uewoy-1sod 1o ueiioy om £q padrojutal [[em AHARIE paAIn) LS [0s ‘N0l ioog "a'v [e8nuog ‘WEp 0AON SO
w9n=14 .
quStey dais fwep uonuMal IAEM Surssamng 00€/00T
~puUB-[I0§ SWNQY |y JesU Wep Ueioy Aq paoiojuial wep ANABIS AI00sEp < Al ‘aAv eIqAT ‘wump e[Sare
121BM JO (W 006 = Anorded oALasa 00Z/001
Jaal aeaydng S uo weEp UBIOY SQP[S QUOISAUI] UM Wrp AIUOSEIN 1’9 [LS ‘WSl av BLIAS ‘Zeqqmupy 1sed)
wosi =M
18010 WEP 211 12A0 2FIBYISIP [ITJI2A0 3100 yura pur
ur Aq pamojoy sdajs g feisung, ajqqnu B 208} 0) pasn syurol paeuon
‘siung, Jo MS WY (77 WEP urwoy im §34001q Atuosewr pany puend /¢ 01 (sl o1 "av BISIUN, ‘WIBp 2ULIaSSRYy
sdays ¢ fwep saddp 0¢ i<
Wwep 1omo] {5210
HIED DU} J2A0 2TIVYOSIP SDAUIN
Ao erden siy 01 taem Ajddns oy Joafo) paueuow
quaypruag Jury uenkssy ay £q ipng auoIspues ‘auoisawi| Jo Luosep 6'C [HL ‘Od ‘WSl P69 "Dl beap “surep saany ssouy
(0 ©) (©) (¥) (© @ (1)
ST UONINASU0) (*3ap) () #20uaIajay IB3R aueN
adols  1y3ey




Can. J. Civ. Eng. Vol. 22. 1995

282

23.56

A

I5Ce,

"?’“‘-‘\

/ .

= = B

=) LB B

=] [ & §

”nt

S oad £ &
Ay z g asE _\
<8 - <% _

o v} ]

) e
_m%o 4 ¥ ‘mm\b\_

=) ~ 2 [24]
ue L‘ e .
= = ¢ Mmm1 s
Fiob s : =]

5 IIHILII L

E = g2 8 te]
- e S7PE 22

= i o B 5 o

o g SR =g =

..uwo;. m.uh\
= =]

R, &E =

mw i ‘.mw ey I s =
- O v ¥ .m = Lo e N
eﬂ w. — o 5
.mﬂ “« ¥ n..m.._u

=i S 6 o

o o E .ﬂmp

me =] 8 Lo

£ =88
Vi 0o, 7]

m...m ...mﬁw
7 n s

. h . S

s i A
=S == B

Butiress
thickness: 40%
of span

7.15
T

1856 m

6.35

4.60

8.82

=+

Pabellon

It is worth noting that pre-European hydraulic expertise
existed in northern, central and southern America. Irriga-
tions channels with stepped profiles were used in America

before the Spanish conquest (Table 3).
In most early dams (Table 2, Fig, 3), the waters were dis-
charged over the dam crests. The stepped spillway geomelry

Spanish influence were found certainly in France, Mexico,

and United States (Table 4, Fig. 3).
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Quinson dam, Verdon River, 1870 (France) (after
q 1911).

5.28

. 14.70 s

_fm\ 177
T T 0m

Pedlar River dam, Virginia, 1905 (U.S.A.), —
way cross section (Schuyler 1909). (Note the granite
ks to protect the steps.)

'
v

Spillway steps
of granite blocks lald in
Portland cemeant mortar

Portiand cement
concrete facing
blacks

2]

)

Interior blocks 'of
natural cement concrete

selected initially to contribute to the stability of the dam,

1 .ﬁlf' ﬂlfr simplicity of shape, or for a combination of the two.

- ter, design engineers realized the advantages of stepped
X ﬁgﬂpﬂdsfor reducing the flow velocities (i.e., energy dissi-
On purposes) and to prevent scouring. By the fall of the
century, overflow stepped spillways were selected fre-
lently to contribute to the dam stability and to enhance
18y dissipation (Table 4). Most structures were masonry
—* Concrete dams with a downstream stepped face rein-
forceq by granite blocks. The spillway of the New Croton

Sam (1906) s probably the first stepped chute designed spe-
g
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Fig. 3e. Croton Falls dam, 1911 (U.S.A.) — spillway cross
section (after Wegmann 1911). (Note the rounded steps.)

EL 8448 m

Concrate
blocks

Fig. 3f. Feather River diversion weir, California. 1912
(U.S.A.).

26.82 m

s opa 1:2

sl
1.68m|, o
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T L L P D I RV RT Y I TR

DR L B T N s :
St “ Gravel and boulders

cifically to maximize energy dissipation.

In the first part of the 20th century, new progress in the
energy dissipation characteristics of hydraulic jumps (e.g.,
Bakhmeteff and Matzke 1936) favoured the design of stilling
basins downstream of chutes and spillways. Stilling basins
allowed better energy dissipation and smaller structures, and
they contributed to cheaper constructions.

Recently (in the 1970s), design engineers have regained
interest for stepped spillways. This trend was initiated by the
introduction of new construction materials, e.g., roller com-
pacted concrete and strengthened-mesh gabions. Over the
past decade, several dams have been built with overflow
stepped spillway around the world (Table 1).

4.2. Design techniques
Since Antiquity, the design of stepped spillways and channels
was recognized to reduce flow velocities and to prevent
scouring. Some ancient engineers might have known the con-
cepts of nappe and skimming flows, But there is evidence
that, even at the beginning of the 20th century, hydraulic
engineers had no quantitative information on the main flow
properties (e.g., flow resistance and head loss). It is only
recently that new progress on the hydraulics of stepped chan-
nels has been achieved, e.g., Essery and Homer [1978),
Sorensen (1985), and Peyras et al. (1991).

The author observes with interest a continuity in the
design of stepped spillways. The characteristics of ancient
stepped spillways are similar and comparable to the present
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designs as shown in Fig. 4. Figure 4 presents the step height,
', the maximum discharge capacity, ¢, and the d./h ratio
fora wide range of dams as a function of year of completion.
:'.m.ie new spillway designs (Table 1) have a similar range of
Step height as the older constructions (Fig. 4a). Surprisingly.
Most recent stepped spillways are designed for a maximum
fd‘i-sehﬂrge capacity no greater than ancient designs (Fig. 4b).
Nﬁw stepped spillway designs might be cheaper to build, but

~they do not provide larger discharge characteristics than

I:jf!néient structures!
-~

!-I'

It is certain that small weirs and drop structures were
designed for a nappe flow regime. But the author wishes to
highlight that some ancient stepped spillways were designed
for a skimming flow regime (i.e.. d./h > 0.4 to0 0.8).

5. Conclusion

Stepped spillways have been used for more than 2500 years.
The Assyrian engineers were probably the first to design
overflow dams with stepped spillways. Stepped spillways
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were selected to contribute to the stability of the dam and for
their simplicity of shape. Irrigation systems with stepped
profiles were also developed in America and in the Middle
East. Since the beginning of the 20th century, stepped chutes
are designed specifically to dissipate flow energy. The steps
increase significantly the rate of energy dissipation taking
place on the spillway face and reduce the size of the required
downstream energy dissipation basin. New construction
materials (e.g,, roller compacted concrete, gabions) have
increased the interest for stepped chutes and spillways in the
last decades.

Despite recent advances in technology. the characteristics
(geometry and discharge) of stepped spillways show a con-
tinuity since the Antiquity up to now (Fig. 4). Despite the
recent regain of interest for stepped spillways, the concept of
*‘stepped chutes'’ is not a new technique (nor a revolution)
but barely an evolution of design!
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of symbols

flow depth (m)
cnucal depth (m); for a rectangular channel, d. =

1, E. 1907. The design of the New Croton dam.
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Froude number. Fr = g,/+/ gd?

gravity constant (m/s®)

dam height (m), i.e., dam crest head above down-
stream toe

height of steps (m)

honzcmtal length of steps (m)

water discharge (mafs)

water discharge per unit width (m%/s)

channel width (m)

channel slope




