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Abb~racbUtilizing fish swimming power and energy capabilides and the hydraulic propertice of culvert8 h thorn 
locations within culvert$ where fhh actually swim, the writers have prepared a detailed manual of culvcrt deeign 
procedures for culverts which must provide safe paasage of upstream moving, weak ewlmmig fish (Behlks, Kane. 
McLean, and Travis, 1991). The dasign procedures utilize hydraulic formulae for proffle drag, non-Archhedarn 
buoyant forms, and virtual mass force to quantify the hydraulic conditions within a culvert that the design fish can 
sustain without exhaustion for various time durations. Final culvert design may then be salectcd on economic or 
other bases from the full range of trial designs that are hydraulically suitable for h h  passage. This paper provides 
an overview of the analytical and biological methods used in the preparation of the design procedures and itw 
associated eoftwara. 

Introduction 

A design species and size of fish must be selected as the basis for culvert dcsign for fish passage. The 
design flsh is the weakest swimming flsh which must pass through the culvert being designed. Since fish 
usually do not move at all times of the year, flow conditiom which occur during the time of expected fish 
passage arc those selected for hydraulic considerations for fish passage. If fish passage delays of short periods 
are acceptable, flood peaks may be reduced for fish passage design purposes. 

Following selection of the design fish and the associated maximum stream flows during times of passage, 
the culvert design process proceeds as follows: 

1. Fish swimming capabilities of power and energy are determined. 
2. Fish swimming behavior when stressed within the limits of its capabilities by a culvert must be defined. 
3. Culvert hydraulics where the fish are expected to swim in the culvert must be determined. 
4. A culvert is designed to pass the design flood and for which culvert hydraulics, where the fish swim, do 

not overstress swimming power and energy capabilities of design fish. 

Flsh Swimming Hydraulics And Capabilities 

A satisfactory culvert for fish passage may have distinctly different types of flow occurring simultaneou8ly at 
the outlet, inlet. and barrel. Typically. higher velocities of flow andlor water accelerations occur at the inlet and 
outlet, while smaller velodtits of flow occur in the culvert barrel. It may, therefore, be necassary for a Ash to 
utilize white muscle (anaerobic) power at the outlet and/or inlet while relying on red muscle (aerobic) power for 
passage through the culvert barrel. Thus, it is necessary to determine the design fish's swimming capabilities in 
each of these modes. Typically, white muscle mode swimming allows the fish to deliver much greater swimming 



limited. When white muscle energy capabilitica arc deplctod, long time periods, perhaps hours, of rwt are requm 
before the capabilities return, 

The results of swimming performance testa of fish are usually presented as swimming velocity, with respect 
to the surrounding water, versus time duration of swimming at thc specific velocity. Hunter and Mayor (1986) 
rnadc an extensive search and statistical analysis of previous fish swimming tests by other rmamhers of vadom 
species and sizes of fish. The most useful of their results, for all of the information available to them, werc 
presented in the following form: 

V, a Lb tQ (1) 

where L is fish length, t is time duration which the flsh k capable of swimming at V, velocity relative to the water, 
a and b are constmts which depend on fish s p i e s  and the system of units, and c is a constant which depend8 on 
species. They list these constants for all previous study results which they were able to find. Most of the studim 
were for red muscle mode, relatively long duration, swimming, but some studits were also found for white muscle 
mode swimming. Eq. 1, is rather extensively documented for red muscle swimming, but not many apedm have , 
been tested for white muscle swimming. The writers performed field observations to obtain suitable white muscle 
swimming capabilities for Arctic grayling. 

The results of Eq. 1, represent continuous swimming for time t at a constant velocity with respect to the 
surrounding water (V,), with little or no horizontal water pressure gradient, and with no acceleration of the fbh 
or the surrounding water. Utilizing a proflle drag quation (Webb, 75), the swhmlng capabilities of Eq. 1, can 
be transformed to swimming power aud energy delivery capabilities which then can be uscd for predictive swimming 
performance in more complicated hydraulic environments. The p d u r e  is dcscribad in detail (Behlke, ct. al., 
91) but will be outlined here. A profile drag equation (Webb. 75) for swimming fish is: 

F, - b k (.0072) (p12) (v)"~L' (Vh)' " 
where F, is the fish's profile drag, b is a ratio of the fish's body surface area to that of a square flat-plate hav4g 
a dimension equal to the fish's length. k is a constant, between 3 and 5, which relates well documentad flat-plate % 

drag to swimming fish profile drag (we have used k - 4), p and v are, respectively, the mass density and kinematic y ,  
viscosity of water for the temperature at which the fish swims, and L is the length of the design fish. 

Profile drag of Eq. 2, is multiplied by the swimming velodty of the fish with rcspact to the water (V,) in order 
to obtain net flsh swimming power. P, delivered by the fish while swimming in an experimental environment at 
velocity V,. So, 

Net energy, E, delivered to overcome the proflle drag is the product of P and the time duration which the fish 
swims at velocity V, (Eq. 1). That is, 

Thus, net power and energy delivery capabilities are determined from experimental flsh swimming tests. We 
assume these capabilities suitably deflne the upper limits for net power and energy delivory for similar fish 
swimming in the more complex hydraulic conditions of culvert flow. 

Fish Swimming Hydradcs 

In the real world of fish passage structures, flsh arc subjected to additional f o r m  beyond that of profile drag. 
Individual, additional forces result from non-Archimeda buoyancy effects. acceleration of the Ash andlor the 
surrounding water, turbulence, or surface waves generated by swimming close to the water surface. We have 
ignored the latter two forces, because our field observations of weak swimming Arctic grayling (Thymallua Arctima) 
swimming in and near culverts indicate that these forces are usually of minor consquenccs there. 

Behlke (1987, 1991) has shown that where water surfam slope an adverse forcc (additional drag), F,, acts on 
upstream-swimming fish. This force results from an imbalance between the fish's weight and its buoyant form 
This is: 



F, W (sin $J + cos 4 (tan (8 - 4)))  (5)  

where W is the fish's weight, 9 is the angle (from horizontal) of a streamline along which fish awin), and 8 is the 
angle (from horizontal) at which the hydraulic gradient (HGL), usually the water surface, slopca. In the culvert 
barrcl 4 = 8,  and both angles are small, so: 

where So is the culvert slope. This force (the "gradient force") is usually small in the culvert barrel if S, 5 1 %, 
but it can be significant in the vicinity of the culvert outlet or inlet or where weir-baffles arc nclxssary. Sin= W 
varies as L3, it is relatively of greater importance for large fish than for small fish, 

The final force considered here to retard upstrcam progreas of a fish results from upstream acceleration of the 
fish or downstream acceleration of the surroundhg water (Daily and H a r l e m ,  1965). Fish we have observed In 
culverts apptar to accelerate little while moving through culverts (&me, et. al., 1989), so we have conaidered 
only water acceleration. This (virtual maas) force, can be exp& (sthke, 1991) as: 

where a, is the acceleration of the fish with respect to the surrounding water, here the water acceleration, and g 
is the acceleration of gravity. In order to evaluate this forcc it is neccasary to calculate the water acceleration from 
the local hydraulics of where the fish is swimmhg. 

Both profile drag and the virtual mass force are semiempirical and are not exact. Future rosearch may better 
describe them. 

These f o r m  together with the net thrust forcc (T), generated by the fish, and the fish's weight (W) and 
buoyancy (B) are shown In Fig. 1. (F, is the resultant of W and B, so W and B do not act In &Won to F,.) 
When F,, FG, and F, are known for hydraulic conditions where the design fish s w h ,  the power nacessary for 
it to deliver is: 

The energy expended while swimming through any 
segment of the culvert, where thcse forces arc 
constant, is the product of P and the time required 
for the fish to swim through the segment. That is, 

where As is the length of the culvert segment being 
considered, and V, k the swimmlng velocity of the 
fish with respect to the culvert. 

Fish Swlmmlng Behavlor When 
Strewed In Culvert# 

Knowledge of where fish swim within the flow 
mass of water moving through culverts and how 

Fig. 1. Drag form acting on swimming fiah and thrust 
necessary to overcome thwe forces 

quickly they move with r e a p t  to the culvert as they 
swim upstream is necessary for the proper use of Eqs. 5-9. Our field studies and analysis of Arctic grayling 
swimming in the culvert environment (Bthlke et. at., 1989; Kanc et. al., 1989) indicate that fuh aeck those 
locations, at any obstacle, where the swimming is least difficult. This is generally at the culvert wall and relatively 
close to the water surface where the effects of culvert corrugation roughness are most beneficial. They alm appear 
to understand their short term (white muscle) and longer term (red muscle) swimming limitations. They, therefore, 
appear to attempt to move quickly through thosc areas where white muscle swimming is required but move much 
slower through those areas where red muscle effort is required. From our observations, we have selected 0.3 d e  



(1 f/s) for white muscle swimming and 2.5 cmh (0.1 fls) for red muscle swimmins as average valuca, both 
velocitics are with respect to the culvert (not the water). 

These values must be determined from dimt observation of flsh awimmiug in a culvert environment. Other 
species of design fish would likely move at different sp&~ than do grayling. Wc have found the field observations, 
ncccsaary to provide this information, provide design and resource agency personnel with a much better "feel" for 
fish behavior and for passage design. 

Though past tests of swimming performance indicate that an individual specits may have the capabilities to 
perform certain swimming f a ,  those fish may not decide to attempt some barricm, though it apparently could 
successfully do so. This is another area where familiarity wlth the behaviors of the p i e s  is imprtant to designers 
and regulators. 

This discussion of culvert hydraulics relates to passage of weak swimming fish. With the exception of flow at 
very small depths, these Ash probably cannot negotiata culverts mpporting hydraulically supercrltical flow, btcausa 
water velocities are too great for such fish to negotiate the long barrel segment while swimming in the red muscle 
mode. Thus, for thcse flsh. the depth of flow with respect to the culvert invert (y) must be greater than the 
hydraulic critical depth, yo, and, with few exceptions, the slope of the culvert mu~t  be less than critical slope for 
the design flow for Ash passage. These conetraints allow only for the existence of hydraulic M-1 and M-2 water 
surface profiles in the culvert barrel. At thc outlet y k yo. For a trial culvert. when the Manning n, discharge (Q), 
So and culvert geometry are hown, backwater curves can be calculated through the culvert from outlet-pool water 

Our field measurcmtnts (Kam et. al., 1989; 
Behlke et. al.. 1991) ahow the importance of large 
scale culvert corrugations. They are central to 
economic culvert design for passage of weak 
swimming fish, because they create a zone of relatively 
slow moving water at the sidea of the culvert. This 
allows the use of grcaker average velocitics (QIA. 
where A is the local cross-sectional area of flow) in the 
culvert than would be allowable if the corrugations are 
small. Our observations of many culverts indicate 
that, where fish passage is important, corrugations 
should be no less than 5 cm (2') in amplitude. We 
have measured some water velocities, in the fish 

- 
igure 2. Water surface profiles in the outlet m. y,, 

swimming zone near the culvert wall, which were only Yo and YC m, respcctivcl~, hydraulic normal, outlet. 
0.1 Q/A. For the present, for circular culverts having and critical depths 
5 cm (2") corrugations, we recommend the use of 0.4 
QIA as a conservative value for water velocities in the barrel near the wall, where the fish actually swim. If an 
M-2 water surface profile exists in the culvert, wata accelerates neat the outlet, and velocities near the wall of the 
culvert more closely approximate QiA. In the fish swimming zone at the outlet. ncar the wall, we are using 0.8 
QIA, gradually decreasing to 0.4 QIA in the barrel upstream from the outlet acceleration zone, 

In the barrel. after the fish has passed through any white muscle swimming which may be required by higher 
velocities near the outlet, the water velocity where flsh swim is taken as 0.4 QIA. 

At the culvert Met, water accelerate8 as it enters the culvert, resulting in a drop In the w a r  surface. Here 
the fish must face all threc of the forces of Eq. 8. White muscle activity is usually required. For the fish to be 
able to move upstream out of the culvert inlet, it must have available sufficient white muscle swimming energy. 
If it has used all of its available white muscle at the d v c r t  outlet mne, it cannot move upstream out of the culvert. 
Thus, outlet conditions may effect the fish when it arrives at the inlet. 

Steep culverts require baffles of some sort. The hydraulics of four weir-baffle arrangements have been 
experimentally defined by Katopodis and Rajaratnam, 1989. These provide resting cells between successive white 
muscle exertion points over weirs. Our calculations of power and energy rquirements for fish swimming over 
weir-baffles lead us to believe that streaming flow (Fig. 3) is better than plunging flow for fish passage. 



Matching Culvert Hydraulics To Fish 
Swimmlng Capabilltles 

Design of new culverts is a trial-anderror process. 
For a design flsh and a trial culvert design, it is 
nwssary that the designer calculated results of Eq. 8, 
for each point in the culvert (several points in the 
outlet. inlet, and barrel, or over a weir-baffle) must 
not exceed the rwults observed or given by Eq. 3, for 
-& of white and red muscle mode swimming, 
recognizing that white muscle mode swimming may be 
required in some segments of the culvert and red 
muscle mode swimming is required elsewhere. 
Similarly the limits observed or given by Eq. 4, for 
each of thwe swimming mod% must not be exceeded 
by the calculated results of Eq. 9. If thy do, the trial Figure 3. Slmunhq flow over weir-bafflas In culverts. 
culvert geometry is not satisfactory, and the Fish swim in white m w l e  mode when passing over a 
calculations must be repeated for a different trial baffle 
design culvert, 

The necessary calculations for each trial wrdiguration are repetitious and lengthy. For thia rcason we have 
developed software for design of circular culverts for the passage of weak swimming fish. This software can also 
be used for design of elliptical culverts where the depth of flow for fish passage is relatively emall. This method 
and software ia being utilized by the Alaska Dept. of Transportation and Public Facilities for fish passage culvert 
design. In 1994 we intend to obtain sufficient h-culvcrt hydraulic data to prepare the necassaty computer program 
for dcsign of pipe-arch culverts for fish passage. However, slower flow velocities near the water surface at the wall 
should be found in all culverts where depths of flow at fish pasmge times are small enough that the culvert's two 
walls diverge at the water surface. 

Fish swimming power and energy methods provide a very flexible approach to the dwign of culverts or other 
passage devices. These methods provide the common donomhator between fish swimming performance tests and 
actual design of culverts for fish passage. 

Since power and energy are understood by professional engiumm and biologists, this method provide8 a 
common ground for fish passage culvert design and regulation. Following the resource agency's determination of 
the species and length of the design flsh, the culvert dcsign suitable for flood flow passage is checked by this almost 
,automatic process to determine suitability for fish passage. If it is not mitable, the determining criterion is flsh 
passage, and appropriate changes are made. 

Mike Callahan
Highlight
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