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ABSTRACT 

A significant portion of the work performed by the Bureau of Reclamatton 
deals wfth dam safety and rehaM l i tat ion. Inadequate spil 1 way capacity 
is one of the primary reasons some Bureau dams requt r·e rehabilitation 
and ll'K)dificatfon. With advances tn the fields of hydrology and meteoro­
logy and an increased streamflow and runoff data base, the probable 
maximum flood a dam must safely withstand may increase substantially over 
the original design flood. This is especially true for ol<!er dams. If 
design analysis indicates that a spillway may not be adequate to safely 
pass the updated flood, renlti.ng in overtopping the dam and possible 
failure. nt0dHtcations to the spillway must be made. 

The Bureau is also involved in en1 arging dams and reservoirs to meet 
increasing downstri:am water demands, to provide additional flood control 
capacity in re,ser1toirs, and to develop greater hydroelectric generation 
capabillties. One of the major difficulties in raising a dam is 
modifying the spillway to function adequately at higher reservoir 
levels. 

An alternative that should be constdered for these modification needs is 
the use of a labydnth spillway. The Bureau and other engineering orga­
nizations are finding that labyrinth spillways are particularly well 
suited for rehab'flitation of existing spillway structures because the 
developed crest length can be greatly 1ncreased for a given width. This 
increased crest length allows passage of a greater design flood than the 
existing structure. A free overflow labyrinth spillway provides reser­
voir storage capacity equal to the traditiJna1 gated structure, which 
requires manual or mechanical operation. In addition, labyrinth struc­
tures may be built economically provided an adequate foundation is 
available and the structure does not exceed certain established limita­
tions. 



LABYRINTH SPILLWAY PARAMETERS ANO FLOW DESCR.tPTlON 

The 1abyrtntl't s.pfllway is defined by the parameters shown on figure 1-1. 
The values of these param.eters are chosen to accommodate site geometry 
and ta pr·ovide ~ptimum hydraulic performance. Th"' plan geometry is 
defined b~,· the ''lrame:ters of length, l, width per cycle, w, sidewall 
angle. ll• and t~,': number of cycles,. n. The length and width per cycle 
may be combined \, fo.rm the dimensionless length magnification. 1/w. 
The vertfcal geometry of the 1abyrinth is. described by the spillway 
hetght. P. il\nd the v.artical aspect ratio, w!P. 

The p.E>rformance of the labyrinth spillway is d'lrectly related to the 
disdta,r9e, ON• passed by a linear Weir of wtdth, W, equal to the total 
width occupied by an the labyrinth sp.tllway cycles. Therefore. two 
analyses must be performed - one for the linear weir discharge and one 
for the labyrinth wefr discharge. The labyrinth length required to pass 
the design discharge lS then determined from design curves that show the 
labyrinth to linear discharge ratio, Ot_/Ofi, and the head to crest height 
ratio. HIP. 

Ideally. the discharge passing over the labyrinth spillway should 
increase in direct proportion to an tncrease in the crest length. For 
instance. a length rnag:nHication of three should allow passage of a 
discharge three times as great. However, this is only the case for 
spillways with low head to crest hefght ratios. because the sp·fllway 
efficiency decreases as the head increases. In addition, this effi­
cie.m::y loss is greater and occurs more rapidly with greater le:rgth 
r11agn1ficat tons. 

Description of the flow over a labyrtnth spillway is complicated and 
wfl l be explained ir terms of the reservoir head. the local head present 
in the upstream channels, flow over the weir, and the tailwater depth fn 
the downstream channeh. The flow over a labyrinth spillway passes 
through three basic phases: subatmospheric pressure under the nappe, an 
aerated nappe. and a nonaerated solid water nappe. These flow phase<; 
occur as the head to crest height ratto increases from very low valu •s 
{less than 0.15} to the maximum destgn value. These changes in the flow 
conditions are clearly seen in the behavior of the discharge coefficient· 
and a discontinuity, or "hump." in the length r.:.agnification curve. 

With smal1 heads over the spillway, the flow behaves almost ideally with 
an al most negl i gtb 1 e head difference be+; ween the upstream reservoir and 
the spillway channels. However, with low flows, s.ubatmospheric 
pressures under the nappe cause the nappe to cl i ng to the downstream 
face of the sp il 1 way. This low fl ow condition (fig,. 1-2} produces an 
tncrease in the discharge coefficient, but may also cause structural 
problems. 

Median range discharges ar:d head to crest height ratios produce a notice­
able drop in head as the flow from the reservoir enters the upstream 
channels. Farther into the channels the water svrface rises again, but 



PROFILE 

PLAi't 

lEGENO 

a = Half length of 1abyrinth ape:· 
I> = Length of labyrinth wal 1 
H Total upstream head over crest (less than H0 ) 
H0 = Oesign head 
1 = Oevelopecf length of one labyrinth cycle = 4a + 2b 
l = Totai developed length of spillway 
l /w = length magni fi cation 
n Number of spillway cycles in plan 
P -· Spillway height (crest height) 
Ql Dis.charg.e over labyrinth sp·inway 
QN Discharg.e over linear spii lway 
Ql/QN : Flow magnification (measur?. of spi 1 lway performance) 
W = Width of linear spillway 
w = Width of one labyrinth spillway cycle 
w/P = Vertical aspect ratio 
a "' Ang1 e of sidewalls to main fl ow direction 

Figure 1-1. - Genera1 plan and section of labyrinth spillway with defir,i­
tion of parameters. 
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never l"eturns to the orfgtnal reservoir leYel. In this lnedhn hea.d to 
crest height range the spillway nappe alternates between being aera.ted 
and oonaerated. As: the head increases. the nappe becomes aerated and 
springs free of the downstream face, producing the most desired 
operating condition.. However. with a further increase tn head, the 
nappe tMckens and begins closing on the: ar-ea between the nappe and the 
downstream s:pHhtay face. At thh point. the flow alternates between 
befng CJerated and nonaerated., wtth afr being drawn· under the nappe at 
the downstream apexes of the spillway and intermittently moving upstream 
(fig .. 1-3).. This unstable now condH'fon produces a dtscontinuity in 
the dis:cha.rge coefffcient curve. 

T'he final flo\11 ccndUfon consfsts of the higher head to crest height 
ratfos HVP s 0.4) and produces an even greater upstream head loss as 
the flow enters the s:ptHway channels. Flow over the spillway is in the 
fonit of a. sol id nonaerated nappe. The thi d:ness of the nappe and the 
hilwater height do not permH afr to be drawn under the nappe 
{fig .. 1-4). Eventually. as the head increases, the spillway becomes 
sublerged pr·o<h.tcfog ertrenmly tneff1ci:ent sp1llway operation. 

CASE STUOY - UTE DAM· 

To illustrate the des.ig,n. and co.nstructian considerations involved wtth 
hbyr1m1th spflhi:ays, the B:ureau 1 s experiences with the modifications to 
Ute !);aim tn New Mexico are discussed in the following sections. 

Ute ~. coropleted tn, 1963, is owned and operated by the NMISC (New 
Mexico Interstate Stream Commission). The dam is located on the 

·Canadian River fo eas.t-centra1 New Mexico, near the co1J111unity of Logan. 
The existing facility consfsts of a zoned embankment mafn. dam with a 
maxiA!tum height of approx:tmate1y lW feet; an ung.ated ogee-type concrete 
spillway located to the left of the main dam with a crest length, W, of 
840 feet; and a.n embankment dtike located to the left of the spillway 
with a nax:imurn heig:ht of approximately 25 feet (fig. 1-5). 

The dam as originally con.structed did not provide sufficient reservoir 
capacity to permit the State to use its full storage allotment, as 
agreed fo the Canadian R:'f:ver Compact. The Hf.USC requested that the 
Bureau undertake the fr:westigation, d'-0s:.ign,. speciftcatfons, and 
construction of the addftio.n of 27-foot-high spfllway gates, which would 
increase the reservoir to its des tred capacity. The Bu re au prep a red 
appraisal designs and estimates for several types of gated structures 
having a minimum field! cost of approximately $34 mi l1 ion (based on 
November l sao unit prices). TM s cost was unacceptab 1 e to the r+tI SC. 
The Bureau then prepared several designs and estimates for ungated 
alternatives that provided the necessary nonnal reservoir capacf ty and 
limited the maximum water surface elevation during floods to prevent the 
inundation of h<>mes around the reservoir. The most economical alter­
native was a labyrinth spill.way combined with raising the dam for an 
estimated cost of $10 million. In 1981, the NMISC accepted the 





labyrinth spillway concept and provided funds for laboratory investiga­
tions and the preparation of the final design and s.pec.Hicat1ons. 

Hydraulic Model Studies 

Hydraulic lllOdel studies were initiated to extrapolate ex.tsting design 
curves [5)* for application to the Ute Dam. labyrinth spillway. These 
tests fnc.luded flume testing of two-cycle labyrinth weir s.ectional 
models and two 1:80 scale models of t.he proposed Ute spillway 
designs (6. 7). 

The design criteria for the Ute labyrinth s.pil lway were: 

H0 = 19 feet 
P = 30 feet 
QL = 590,000 ft3/s 

W "' 840 feet 
H0 /P = 0.63 

These criteria were based on the existing site geometry and the IDF 
{inflow design flood). The remaining parameters were determined during 
the design process and investigated during. the model study. For the 
initial 10-cycle labyrinth spi.llway model, these parameters were: 

11 = 84 feet 
l/w = 2.74 
w/P = 2.8 
a = 19"15'55" 

a = 3 feet 
b = 109 .1 feet 
L = 2 ,300 feet 

!ifodel testing of this labyrinth spillway - based on design curves 
publi~~'~ by Hay and Taylor [5] - showed the design discharge could not 
Ile passed by the spillway within the stipulated design head of 19 feet. 
The reservoii" head reached 22 .6 feet before passing the required maximum 
:fischarge. Thts was a result of the large head to crest height ratio 
:tnd an inadequate labyrinth crest length. The crest length was inade­
~uate because of the characteristics of the flow over the labyrinth. 
~urther details of this 10-cy~le labyrinth spillway may be found in (6]. 

iecause the 10-cycle spillway did not pass the required discharge within 
:he reservoir head limitation, another model spillway of longer crest 
:ength was designed and tested. This spiiiway design was based on the 
·esults of the IO-cycle spillway tests and additional flume testing. 
·he most economical design, gtven the new longer crest length, required 
4 cycles. The other labyrinth spillway parameters for this design were: 

w = 60 feet 
l/w = 4.0 
w/P = 2.0 
(l = 12°8' 15" 

a = 3 feet 
b = 114 feet 
L = 3,360 feet 

Numbers in brackets refer to entries in the Bibliography. 

,..._ 
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COiapu1ng these paraMters wtth those of the la-cycle s,ptllway shows the 
difference between the crest lengths and lengt.h magrrlf1ca-ttons tn the 
two destgns. 

The 14-cycle spillway passed the required !Mximum discharge at 19 feet 
of head (fig. 1-6). In additton to the labyrinth spfllw,ay shap&. other 
aspects of la.byrfoth spillway operat ton determ1 ned with th1 s mode 1 
included the effect of nappe interference, impact press.twes in the 
downstrein channels, 1111.ter surface proftles in the upstream channels, 
and l°""' flow conditions. These a.spects wil 1 be discussed in the sectton 
dealing with general design guidelines. 

S:truc:tura l Ana lys.1s and Oes!.2!!. 

Once the hydraulic destgn and model s.tudie·s were completed, the Ute [).am 
labyrt nth spillway was analyzed for st.abi 1 ity and structural integrity. 
The labyrinth spillway 1itas analyzed as a series of 14 V-shaped cycles. 
Thirteen of the cycles are ironoHtMc and separated by contraction 
joints. The remaining cycle consists of two ronoHthic half cycles -
one at e:ach end of the spillway. 

The stability analyslis of a typical labyrinth cycle included the 
fovesti ga.tfon of overturning. sliding. and found at i.on bearing pressures. 
when the cycle wa~ subjected to the follo.wing loads: 

Normal lioad - normal wate·r surface (elevation 3787). no tailwater, 
1ipHft assumed to be full head under area of base 
uips.tream of the wall • 

Extreme load - ma:xi:mum water suTface (elevation 3806). tailwater 
hetght of 15 feet, uplift varying from full head at 
the: upstream edge of the 1 abyrtnth to tail water head 
at the dow.nstream edge. 

Analyses showed that a typical full cycle was stable against over­
turning, but require.ct a 5-foot-deep key trench to provide an adequate 
factor of safety a.gafost s.liding, when su.bjected to the extreme load. 
The fot.mdation bearing pressure wa.s acceptable for both loading con­
ditions. The analysis oo an end half cycle of the labyrinth showed that 
it wa.s. oot stable agafost overturning. To make the half cycle stable, 
an anchor block: was attached to the existing spillw~y end wal1. The 
anchor block resisted upward movement of the labyrinth base s 1 ab a.nd 
transferred the load to the existing wa 11. However. this add it f ona 1 
upward load on the existing wall lowered the wall's factor of safety 
against sliding. which made it unstable when subjected to the load from 
the maximum reservoir water surface elevation. Therefore, to make the 
existing wall and the labyrinth half cycle stable aga1nst sliding, a key 
trench, parallel to the existing wall, was added to the base of the half 
cycle. The anchor block and key trench allowed the existing end wall 
and the labyrinth half cycle to act as a unit. A contractfon joint was 
placed between the two to ensure that compressive loads would be 
transmitted from the existing wa11 to the labyrinth, and to prevent ten­
sile loads from being transmitted from the labyrinth to the wall. 

1-7 
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Fi 9ure 1-6. - l :Sn seal e mode 1: oJ Ute Dam labyrinth s.pil l way. 

/.~·C-:···i-'.:~ .. ) /' ·. 
I . \ 
f - . 

. , I. "-., 

un: 
CIVl'litf":.rt. OJ1"..1' (Qlt 'JTJRJ::'!"J<'C .. ~ C'rCU 

Figure 1-7. - Finite element model of the wall for the Ute labyrinth 
spil 1 way. 



Once the stabiltty of the spillway was ensured, the individual com­
ponents were sized and the reinforcement designed. The structural ana­
lysis was made on both a typical full and half cycle ustng a finite 
element indetermfnate structural analysis computer program. Separate 
ana.lyses were made for the 1 abyri nth wa 11 and base slab because of 1 i mi­
tations in the program's ability to determine the number of unknowns. 
Sixteen different factored load combinations were applied to the wall of 
the labyrfnth using various boundary conditions. The maximum stresses 
coo:tputed for the various e 1 ements of the computer mode 1 were used for 
determining the reinforcement required for that element. 

The structural analysis showed that the high stresses were located in 
areas ar-ound the apexes of the 1 abyri nth (fig. 1-7). These high 
str-esses were p.rimari ly caused by the extreme temperature loads that 
developed from the 1a;ge seasonal temperature variations typical for 
this vicinity. The apexes had to be stiffened by increasing the 
thickness of the concrete, and heavily reinforced to resist the high 
bending moments, tensile stresses, and shear stresses that developed. 
The large hydrostatic loads caused by the height of the wa 11 and the 
depth of overtopping of the labyrinth required significant amounts of 
reinforcement for all other areas of the labyrinth wall as well. 

The ana1ysis of the half cycle wal1 indicated deflections at the 
downstream apex where the labyrinth meets the existing spillway end wal 1 
were too large to ensure watertightness. To keep the wa 11 watertight 
without having to depend on the bond between the 1 abyri nth and the 
existing wall, an anchor block was placed on the existing wall 
downstream of the labyrinth. A waters top was inst a 11 ed between the 
labyrinth and the anchor block, and an expansion joint was installed to 
allow the labyrinth wall to deflect without transferring shear and ten­
sile loads to the existing wall. 

For the base slab analysis, loads from the wall were applied along a set 
of points where the centerline of the wall meets the base. These loads 
were determined by analyzing the wa11, which was assumed to be fixed at 
the base. This produced a set of reactions that was then changed into 
loa.ds to be applied to the base slab. Along with loads from the wal 1, 
additional loads such as the weight of the slab, the weight of water on 
the slab, temperature loads and uplift were applied to the base of the 
labyrinth under various boundary conditions and load combinations. 

For the typical cycle, areas near the center of the base showed upward 
deflections as high as three-fourths of an inch when subjected to 
extreme load combinations (fig. 1-8). While the deflections did not seem 
excessive, a check was made to determine if anchor bars could be used to 
hold down the base. The results showed that the restraint of the anchor 
bars caused higher stresses in the concrete and that stresses in the 
different anchor patterns were usually concentrated on a few bars. This 
indicated that a progressive failure of anchor bars could occur. It was 
decided to let the base deflect and redistribute the stresses. As with 
the wall, the base slab was heavily reinforced to resist the high 
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Figure 1-8. - Finite element model of the base slab for the Ute labyrinth 
spH lway. 

CtJ = Control joint (no bond, fully reinforced) 
CrJ Contraction joint (no bond, no reinforcement) 
EJ = Expansion joint (no bond, joint fl11er) 

Figure 1-9. - Joint layout for la~yrinth spillway. 



bending moments. tensile stresses. and shear stresses that developed 
from the •1arious load combinations applied to the computer model. 

In the desfgo of the labyrinth spillway. four types o.f joints were used: 
contra.ction joints. control joints, c1nstruction joints, and expansion 
joints (fig. 1-9). The configuration of the labyrinth base slab permitted 
placement of contraction joints at the narrowest sections of the slab. 
Thfs allowed each cycle of the spillway to act monol1thka11y. with the 
contraction joints having unbonded surfaces and no reinforcement. The 
locatton of the contraction joints at the downstream apexes of the wall 
ensured that hydrostatic forces would tend to hold the wall joints 
closed. 

Although the walls and base slabs were heavily reinforced, random 
crack: fog was possible throughout the structure due to its large size and 
the: high stresses 1nvolved. Therefore, control joints were provided to 
concentrate cracking at predetermined locations. The joints were 
designed to have surfaces that were unbonded but fu11y reinforced. In 
addition, chamfers were provided at the surface of each joint. To keep 
each joint watertight after a crack had formed, waterstop was instal'led 
and a polysulfide sealant was applied to the upstream face of the joint. 

Horizontal construction joints were p1a.ced in the wall of the labyrinth 
to allow for the placement of concrete in three 10-foot-high lifts. 
Because these joints were designed to be fully bonded and reinforced, 
they were not a factor in the design of the str~cture. Construction 
joints were not included "ln the base slab because the control joints 
provided satisfactory concrete placement dimensions. 

To prevent the labyrinth sptllway from transferring loads to the 
existing ogee crest stnicture, a l-1nch sponge-rubber-filled expansion 
joint was placed between thH base slab and the existing crest structure. 

Construct ion 

Construction on the labyrinth spillway at Ute Dam began in November 
1982. After a short peri.od of mobilization, the contractor. KNC, Inc •• 
of AlbiHjuerque. New Mexico, began excavation for the labyl'inth spillway 
foundation. A Rota-Mill profiler was used for excavating the sandstone 
to a uniform elevation of 3753.0 (fig. 1-10). The machine, used mainly 
in highway constructton, had a rotating drum with carbide cutting teeth 
capable of removing approximately 3 inches per pass. A power broom was 
then driven over the excava.ted area to remove loose sand and clean the 
foundation surface producing a smooth. clean surface at the desired 
grade (fig. 1-11). A few areas of clay seams and fractured sandstone were 
encountered. These required overexcavation and backfilling with 
concrete. The 5-foot-wide key trench for the labyrinth base slab was 
excavated in two passes - each 2 feet wide - by a trenching machine. A 
backhoe excavated the remaining rock left in the trench (fig. 1-12). 





Figure 1-12. - Excavation of key trench. 
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Figure 1-13. - Four-inch-diameter split drains placed on excavated surface 
before concrete encasement. 
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After excavation was completed, a series of 4-inch-diameter split drain 
pipes was installed on the foundatton surface to intercept seepage and 
reduce uplift pressures on the base of the labyrinth {ftg. 1-13). These 
split drains were encased in concrete to prevent them from being damaged 
during construction of the base slabs. Water collected by the split 
drains fs carried downstream of the labyrinth and pas.ses through the 
existing ogee in a series of holes drilled horizontally through the 
crest. To prevent excessive upl Ht pressures from developing beneath 
the existing crest structure. a line of 70-foot-deep relief wells was 
drilled imnediately upstream of the crest. These wells were cased with 
slotted PVC (polyvinyl chloride) ptpe and capped with a flap valve to 
prevent debris from plugging the hole. 

Forms for the base slab were then constructed and reinforcement 
installed. Because the labyrinth is a cantilever-type structure. most 
of the reinforcement for the wall had to be embedded in the base slab 
before the concrete for the base was placed. This created difficulties 
in placing the large amour " - ~,.,: , ~,rcernent required and in supporting 
the steel for the walls of tnc '.:i;,yn.lth. Forming the control joints 
within the base slab was also d1 i''H..ult because of the number of rein­
forcing bars that had to pass through the joint and the installation of 
PVC waters tops a 1 ong the joint. 

The center cycle of the labyrinth was the first to ~ constructed. Ini­
tially, 1otOrk. proceeded slowly as the contractor developed efficient 
methods of building fonns and installing and supporting reinforceme.nt, 
and as the steel supplier improved the steel cutting and bending opera­
tions. The pace of construction increased rapidly as additional cycles 
were constructed. Figures 1-14 and 1-15 show how construction of the 
cycles progressed. 

Concrete. W"ith a design strength of 5,000 1b/in2 at 90 days, 111as placed 
for the base slab at each cycle i:n seven different sections, each delin­
eated by control joints. Concrete for the walls was placed in 
10-foot-high lifts, also delineated by control joints. The Bureau 
required that no concrete be pl aced fn irrmedi ate sect ions of the 
labyrinth base or wall until the abutting concrete had been in place for 
at least 7 days. This was done to ensure that the concrete had 
canpleted expansion due to the heat of hydration and would be contracted 
to its final dimensions. providing tight joints and minimizing the 
possibility of seepage through the structure. This 7-day requirement 
has complicated placement schedules and forced the contractor to work. on 
several cycles at a time. Yet, even with these scheduling complications 
and other construction problems, completion is expected in January 1984, 
before the contract completion date in May 1984. 

Some of the major quantities of materials required for the construction 
of the labyrinth spiilway at Ute Dam are: 

Excavation - over 5,000 yd3 
Concrete in walls - over 13,000 yd3 





Concrete in base slab - over 13 1 000 yct3 
Cement 1t1ous rnater1a 1 s - OV'el' 7 .soo tons 
Refrtforcin9 bars - over 7 .000.000 lb 
PVC waterstops • over 6*.000 Un ft 
4-tnch s.pHt dratn pipe ·• nearly 7 ,000 lin ft 

ADOlTIONAt MODEL STUDIES AND GENERAL DESIGN GUIDELINES 

As a .. su1t of the findings associated wh:.i1 the modal study of the Ute 
Dam labyrinth spil iway. foterest was expressed in better defining the 
labyrinth parameters. Another site-spedftc model study wets conducted 
for an aux11 iary labyrtnth sp'i llway at Hyrum Dam [8]. These studies. 
combined with some addi,tional testing, ~roduced modified guidelines for 
labydnth spillway destgn. ihe newly developed destgn curves will be 
discussed along with design guidel tnes and 1imitations on the structural 
design. 

Hyrum Oa~ Amdlfary labyr·inth Spillwal 

The auxi H ary labyrinth spi.l l way for Hyrurr. Dam w.,s designed from the Ute 
mo-Oel stud)' datJ. Hyrum labyrinth was a 12-foot-high, 2-cycle spillway 
with a design discharge of 9,050 ft3/s nassed with a reservoir head of 
5.S feet {0.5 foot below maximum water surface}. The dimensions and 
para.!l'l!Elters of the spillwa; are: 

H0f P = Q.5 ~ = 8°55 1 4811 

w "' 60 feet a (U/S) "' 3 feet 
w = 30 feet a (D/S) "' 1 foot 
l/w "' 5 b = 71 feet 
w/P " 2.5 L = 300 feet 

Principal features investigated during this modei study W"':' t' the 
~pi Hway approach conditions and the orientation of the svd 1way (8], 
Placing the spillway 19 feet into the reservoir, with curved sidewalls 
adjacent to the spillway, provided the optilT'um hydraulic efficiency. 
Details of the effects of entrance conditions and 1 abyrf nth spil 1 way 
orientation wi 11 be discussed in the foilowtng sect tons. 

DESIGN CURI/ES 

Hydraulic model results have shown that previously used labyrinth 
spillway design curves (5] did not provfde adequate 1abyr'lr1th crest 
length to pass the maximum discharge within the desfgn head \lalue. New 
sharp-crested labyrinth curves (fig. 1-16) were Geve1oped and confirmed by 
the successful design of both the Ute Dam and Hyrum Dam spi 11 ways. 
However, because these curves were based on sharp-r.rested weirs, the 
conversion to the actual prototype crest shape was ofte~ tedf ous and 
sometimes caused inaccura.cies in the design. This 1ed to further mode"i 
testing and the development of design curves based on a more co111T1only 



SYMBOt. 

O.l: 0.4 0,6 

1-l(Ai!) ro CRESr HEJGl'H - lL 
p 

• 
l( 

Cl 

• 

o.a 

l/w 
r, 

"" 3 
i 

1.0 

Fig;;•re 1-!5. - Sharp-crested labyrinth design curves. 

H/'P 

!gure 1-17. - Design curves with quarter-round upstream face, trapezoidal 
form weir. 



shaped crest~ Because most previously designed labyrtnth spillways have 
a crest shape with a quarter-round upstream face, which produces a high 
dt scha.rge coeff1 ct ent • th ts shape was used f n the des1 gn curves 
(fig. 1-17) ~ The design procedure [51 may be s1mpl1fied by using the 
design curves based on the quarte.r-round crest shape. provided the 
hbyrinth spillway unde.r consideration has the same shape. 

GENERA.l SPILLWAY DESIGN GUIDELINES 

The folln\Wing sections contafo general design guidelines for a labyrinth 
spfllway including; 1nfarma.tton on the approach conditions, the sptl lway 
placement and orientat11'.in, and the ~rform.ance parameters. w/Pr n. and 
1/w. Also, aeration of the nap.pe during discha1·ges under low head will 
be dtscussed. 

Setllway Approach Conditions 

The labyrinth geometry makes the sptl lway sens'lt Ive to the reservoir 
a.pprnac:h: flow co.n,dittons. The two major factors of the approach con­
dition affecting s.pillway performance are the direction of the approach 
flow with respect to the spillway and the shape of the entrance struc­
tures ill'ltlediately upstream of and adjacent to the spfl lway. Of these, 
the flow direction ts ioore important because an approach flow parallel 
to the centerline of the spillway cycles will produce the most uniform 
flow distribution throughout the spillway and provtde a good basis for 
designing the spillway entrance. The most efficient spillway entrance 
for n¥:>St reservoir applications is a curved approach adjacent to each 
end cycle of the s.pill:way. This will produce uniform approach flow to 
the end cycles of the spillway. The entrance configuration is very 
important, particula.rly when the sptl lway has only a few cycles, because 
a significant portion of the total crest length is then affected by the 
entrance· s.hape. 

Spi 1l way Pl a cement and Orientation 

The spillway entrance shape should be coordinated with the placement and 
orientation of the spn lway. When installing a labyrinth spillway in a 
reservoir, the spill.way placement is more important than the orien­
tation. Placement should be as far upstream in the reservoir as 
possible. Such placement will reduce the localized upstream head losses 
because the area contraction fl11l!ediate1y upstream from the spillway is 
reduced. When the spillway placement has been determined, the orien­
tation or the attachment of the spi 11 way to the abutments or s i dew a 11 s 
should be considered. The importance of spillway orientation is 
magnified when the reservoir approach conditions are poor or the 
spill way is pl aced in a can a 1 • In these cases, with the apexes of the 
end cycles located upstream, the water surface along the sides is rough, 
producing a noticeable reduction in head and discharge. The spillway 
placement, orientation, and entrance are usually determined by the site 
and availability of a good foundation. 



fhnber_ of seHiway Cycles. and Nagpe Interference 

lhe number of sp1llway cycles should ~ based on the magnitude of the 
upstream head. effect of nappe interference, and economics of the 
design. The number of cycles and spillway height determine the vertical 
aspe.ct ratio, W/P. I.n turn. the vertical aspect ratio and the head 
determine the occurrence of nappe fnterference. Under high heads the 
hydraulic efficiency is dependent upon the nappe interference. Nappe 
interference occurs when the s'ld.es of the cycle are close enough that 
the nappes h··om the flow over each side intersect or impinge prior to 
reaching the floor in the downstream channel. This flow condition w1 l1 
reduce the discharge capa.city of the spillway. As a general rule, the 
importance of the vertical asp.act ratfo t'nd nappe interference increases 
as the head increases. Wtth normal oper·atuig co1nditions. the vertical 
aspect ratio should be 2'.5 or greater, althougl1 this ratio may be lower 
with low head values because the nappe will be very thin and the 
spHlway will behave almost ideally. An example of the head drop asso­
ciated with nappe interference ts seen on figure 1-18. 

l~pact Pressures in the Downstream Channe 1 s 

For the Ute spillway. pres.sures were measured in the downstream channels 
parallel to the spillway walls and along the centerline of the spillway 
cycles. None of the press.ures measured were excessfve. The pressures 
were highest parallel to the sidewalls where the jet impinged on the 
floor after flowing ov·er the crest. However. these pressures and those 
measured along the cycle centerline decreased as the downstream channel 
expanded~ The prgs5ures wil 1 vary according to the tail water present in 
the downstream channels, the cycle width, and the geometry of the chute 
downstream of the spillway. 

Labyrinth Spfllwa,y low Flow Conditions 

Nappe oscillatfon and noise will occur when the sptllway is operating 
under low heads. These phenomena are produced by alternating 
atmospheric and subatmospheric pressures under the nappe. 
Subatmosphertc pressures wl11 increase the flow over the spiiiway, but 
should be avoided for structural reasons. 

Two methods have been recoornended to solve the problem of subatmospherfc 
pressures - placing splitter pfers along the spillway side walls and 
placing crushed stone along the downstream edge of the crest. Splitter 
piers have been des.igned for use at Ute and Hyrum Dams. The piers 
should be located at a distance equal to 8 to 10 percent of the wall 
length, upstream of the downstream apexes. The height of the piers 
should vary according to the head range of concern. The piers may be 
submerged during higher flows. Figure 1-19 shows a spillway cycle passing 
a low discharge with and without splitter piers. Notice the small 
splitter piers located on the sides of the left cyc1e and the break in 
the nappe in these areas. 





Placing crushed stone along the downstre&111 edge of th& crest proved suc­
cessful at Avon Dam (10]. This method. while decreasing the discharge 
for a given hea:d, successfully prov1des aera.t1on and ts cost eff'ecthe. 

Structura.l Conff9uration 

Host of the labyrinths buHt prevtausly a.re thtn~ cantilever-type struc­
tures because of their ease of construe.ti.on and h,;4rau11c perfonnance •. 
These labyrinths are relatively short structures with low depths of 
overtopp1ng. On the other hand, the large labyrinth spillway designed 
for Ute Dam (H • 19 feet, P • 30 feet) was heavily re1nforc:.ed to resist 
the high moments and stresses that could develop under maximum loadf ng 
conditions. Thf s dept.h of ove:rtopping and height of wall are near the 
maximum feasible dimensions bacause of the dtfficulty of tnstalltng the 
h;ge CiiWunt of reinforcement required. Us.fng a higher labyrinth or a 
greater depth of overtopp1ng would, most Hk.ely. requfre a gravity sec­
t ion for the wa 11 s. reducing the hydrau 1 ic. effic'f ency and the econom1 c 
advantage provided by the labyrinth sp11lways .• 

GENERAL APPLICATIONS OF LABYRINTH SPILLWAYS 

The labyrinth spit lway at Ute Dam was the first labyrinth designed and 
bu1lt by the Bureau of Recla.mat ton, therefore. the spillway required 
ex,tenshe: investtgation. 'TMs included reviewing labyri.nths that have 
been studied and built by other engin:eerfng organizations. The location 
of these spillways and a sumary of the major dimensions and discha.rge 
charac:tertstics are shownr fo table:s l-1and1-2. Labyrinth spillways 
have be·en built with a wide range of sfzes and dfscharge capac1tf es, 
indicating a variety of potent1al applfcatfons •. 

The Burea.u of Reclamatfon has constdered the use of labyrinths on dams 
where the discharge capacity of an existing sp1T'"fay must be increased 
or where an existing reservoir must be enlarged. t3ecause of their suc­
cess and the cost savings fnvolved,. labyrtnth spillways are now being 
considered for new structures. As the. engf neer1ng co11111unity ga1ns more 
experience in the design of labyrinths and addftional studies are 
published. the range of app1 ications will increase. Because a 1abyr1 nth 
spillway is suitable alm.ost anywhere an overflow structure is required, 
labyrinths are an innovat he· alternative for the design of dams and 
waterways. 



Table 1-1 .. - Various labyrinth spillways 

NMJe and location Year Total C:rest Design Nombe:r of 
bunt width, ft length, ft. dhcharge, ft3/s cycles 

Ute Dam [6],. 1983 840 3,360 550,000 14 
l.oga:n. '"· USSR 

Qufo.cy 0- [3], 1973 na 348 19,500 4 
Aurora.., co. 
CHzK-Hiill 

Mere.er 0. [2), 1911 18 245 8,000 4 
OaHu,. OR, 
CH2M-H1H 

llOl'O;l'ICil"I. Dam [ 4] • 1941 484 1,127 36,000 11 
Miits&DB. Sydney.. 
Australia: 

hon 9- [4 .10]. 19•70 448 868 50,000 10 
~DB. Sydney. 
Austn11a 

~a:rt 1 ett s: Ferry 1982 1,230 4,729 240,000 20-1/2 
Dam (9) Columbus, 
GA,. Ge.orgfa P'ower Co. 

ta:ve.t Ptaped 1974 180 450 17,000 10 
StoraC)e (11]. 
Trinidad., co. 
CHzM-HUi 

lyrum Oalili [8). 60 300 9,050 2 
Hyru.in. 11'.T 

Vl J-

USSR 

th au c •. Canal (12]. 253 19,070 12 
lipper Waitaki 
Pw·r. Dev •• 
Ministry of Works 
& ilev •. , New Zealand 

oardman Spillway (I] 120 350 13,660 2 
Boardman Power Project 
Boardman, OR, 
s.echte1 



Table 1-2. - Cycle data 

Project Discharge Head Height Width Length a(U/S} a(D/S) b Cre 
name ft ft ft ft ft ft ft ft Sha 

lJte 39.:300 19.00 30.00 60.00 241.70 4.31 2.69 114.00 1/4 

luincy 4,875 7.00 13.00 44.50 86.90 2.00 2.00 39.45 1/4 

14ercer 2,110 6.00 15.00 18.00 57.90 2.00 1.00 25.94 1/4 

!loronora 3,270 4.46 7.25 44.00 102.46 1/4 

l\von s.ooo 7.10 10.00 44.41 86.80 2.00 2.00 39.40 1/4 

Bartletts 12.000 6.00 11.25 60.00 230. 70 1.35 0.19 113 .80 1/4 
Ferry 

f{avet 1,700 5.00 10.00 18.00 45.00 1/2 

Hyrum 4.530 5.50 12.00 30.00 150.00 3.00 l.OO n.oo 1/4 

tlhau C 1,590 3.53 8.20 20.51 123.03 1/4 

Boardman 6,830 5.80 9.06 60.00 174.81 0.78 0.38 86.25 1/2 
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