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I INTRODUCTION 

As a result of spillway operation in 19&l, the concrete tunnel lin- 

ing at the lower bend of the Arizona spillway, Boulder Dam, has been 

severely eroded (see letter of December 17, 1941, from Director of Power 

to Chief Engineer, subject: Scour in Arizona spillway tunnel - Boulder 

Dam - Boulder Canyon Project). Since' no provisions were made in the 

design of the spillway to unwater the horizontal portion of the spi~.l- 

way tunnel in case repairs were necessary, a bulkhead gate has been 

designed under the direction of Mr. D. C. McConaughy, Senior Engineer, 

to permit unwatering of the tunnel. This gate, which will weigh about 

125,0OO pounds, will be 53 feet wide by 31 feet high and will consist 

of 35 timber trusses assembled on 2-inch lagging and strengthened by 

horizontal and vertical cross bracing, as shown on figures 1 and 2. 

To place the gate in position for unwatering, the gate will be floated 

in the river to the tunnel portal where cables will raise the gate into 

a vertical position against the face of the portal, the bottom of the 

gate in this position resting on a sill at invert elevation 626. It is 

plar~ned that the tailwater will be at elevation 6A9 for this operation. 

Because of the difficulty in computing the force required to r&ise 

the gate, and because the design of the cross bracing was dependent on 

this force, a request was made to determine the following: (1) The lift- 

ing force required to raise the gate into several intermediate positions 
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between the horizontal and vertlca], and the location of these position~; '~ 

(2) the effect of tailwater elevation on the maximuu~ lifting force; (3) 

the variation in the maximum lifting force with the initial angle of 

pull that the lifting cable makes with the water surface at the start 

of raising the gate; and (A) the action of the gate while raising it. 

II RESULTS OF MODEL TESTS 

A 1 to 18 scale model was constructed o£ the bulkhead gate in 

accordance with preliminary design sketches, so that the model as 

tested varied somewhat from the prototype details shown on figures 1 

and 2. For example, the model contained 35 instead of 37 trusses at 

slightly different spacing than the prototype, and the position of the 

eyebolts for lifting the gate differed as may be seen by comparing 

section C-C on figure 1 with the side elevation shown on figure &-A, 

Other differences between modeland prototype relative to limitations 

in the model construction are explained in paragraph &. Figure 3 shows 

the model gate, while figures A and 5 give the details of the model and 

testing arrangement. Results of the force measurements are tabulated 

on figure 6 and in table i. 

The quantitative data obtained were rather indefinite, but the 

qualitative study revealed several facts that should be helpful in plac- 

ing the gate in position. The quantitative measurements of forces were 

inconsistent because of the uncertainty of the magnitude of the force 

to be used in the field for snubbing the bottom of the gate against the 

portal as the  gate is slowly raised into a vertical position. The model 

gate was held against the portal by rubber bands stretched around pins 

placed on each side of the gate as shown on figure 6. In terms of the 

prototype, the snubbing force so produced varied from a maximum of 3,960 

pounds to a minimum of 566 pounds. These limits depended on the tension 

of the rubber bands, which was governed by the distance of the pins from 

the bottom of the gate and from the face of the portal as the gate 

rotated, and whether one or two rubber bands were placed around each pin. 



~ccordingly, for a given set of conditions the maximum lifting force 

would vary, depending on the magnitude of the snubbing force, which 

changed with tension of the rubber bands, and for any test it was 
ij 

difficult to obtain uniform results because the snubbing forces were 

great in relation to the lifting forces being measured. The weight 

of the model gate also affected the measurements, since its weight 

gradually increased due to absorption of water, thereby causing the 

gate to submerge more rapidly and reach the vertical position with 

less lifting force. 

Eeeping in mind the influence of these factors on the model 

measurementst the followin~ conclusions have been drawn: 

(a) For tailwatsr elevation 6~0, the maximum lifting force 

is about 16,563 pounds. For this load the snubbing force at the 

start was 2,030 pounds and 7~7 po~mds at the vertical position 

(test l, figure 6). The intermediate position, s of the gate and 

corresponding leads are tabulated on figure 6 for use in a stress 

analysis for designing the cross bracing, The bracing used in the 

model was tentatively assumed but found to be correct after check- 

ing the prototype design. 

(b) For tailwater elevation 6&5, the maximum lifting force 

is about 8,33~ pounds with the snubbing forces as in (a) (test 2, 

figure 6). A check on this test is given in table l, run 5-A. 

(c) For tailwater elevation 6&9, the maximum lifting force 

averages about 3,500 pounds for snubbing forces as in (a), but 

with the model portal face slick due to a collection of algae 

(runs l, 2-A, 3, 3-A, and 4 of test ~, table 1). With the portal 

face clean and for an initial snubbing force of 566 pounds and a 

final snubbing force of 1,855 pounds, the maximum lifting force 

is about 3,000 pounds (test 5, table i). The l~mits o/.,,..,th.e snub- 

bing force were changed for test 5 by placing the pins nearer 

the bottom of the gate. 
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(d) From (a), (b), and (c) it is see~ that for the same 

snubbing forces the maximum lifting force decreases as the tail- 

water elevation increases, and that a decrease in the sliding 

friction is tantamount to a reduction in the snubbing force. 

(e) That the maximum lifting force increases with the snubbing 

force may be seen by comparing in table l, runs 1 and 2, 2-A and 

2-B, and 5 and 5-A under test ~. On the other hand, there seems 

to be little variation in the maximum lifting force as the initial 

angle ~, the angle the lifting cable makes with the water surface, 

decreases from 79 to 63 degrees. See figure 6 and table l, tests 

4and 5. 

(f) Since the snubbing forces to be used in the field are not 

known, while those used in the model were probably conservative, 

it is believed that a maximum ~ifting force of 9,000 pounds will 

be reasonable for use in designing the cross bracing. This pro- 

vides a factor of safety in case the tailwater is below elevation 

6~9 but above elevation 645. The lifting capacity available at 

the prototype is not exceeded by this force. 

(g) The best method for raising the gate to a vertical posi- 

tion is to float the gate with the trusses upward to the tunnel 

portal, place the bottom of the gate against the portal, and then 

pull the top of the gate upward toward the portal as shown on 

figure 5o 

(h) Should the gate be launched with the trusses pointing 

downward in the water, it would require a force of about 27,1OO 

pounds to raise the gate into a vertical position for turning it 

over prior to floating the gate trusses upward to the tunnel 

portal (test 3, figure 6). 

(i) Based on model performance, as the gate became heavier 

due to absorption of water, the force required to raise it became 
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less. For excessive absorption of water, the gate would reach 

the vertical position apparently without any external force being 

applied o 

(J) As the gate approaches a vertical position with a steady 

force being applied, a point is reached where no additional force 

\J,s required to complete the movement against the portal, in fact 

the gate tends to accelerate into the final position, producing 

impact against the portal. Accordingly, it is recommended that 

snubbing lines be attached to the top of the gate to restrain its 

movement as the final position is approached. Relative to the 

snubbing forces at the bottom of the gate, it has been shown in 

(e) that excessive snubbing increases the lifting force; hence, 

it is believed that the bottom of the gate should be snubbed only 

enough to keep it against the portal but not enough to prevent 

the gate from slidir~ down the portal as it approaches its verti- 

cal and final position. In any event it is urgent that the gate 

be kept completely under control during the lifting operation. 

(k) It is not anticipated that any weights will have to be 

added to the gate to force it down against the portal sill after 

the gate has been raised to the vertical, unless the tailwater 

is at elevation 65& or above. 

III SD~ILITUDE REQUL~ENZ- ~TS 

A model study to measure forces Dequires both geunetric and dyna- 

mic similitude. Accordingly, each member of the bulkhead gate must be 

geometrically similar to the corresponding prototype member, and the 

specific weights of the material must be the same for the model and 

prototype. If Wp is the weight of the prototype gate and Vp is its 

volume, then W_=~ V~ • Wp, where Wp is the specific weight of the 

pr~)%otvoe material. Similarly, W = V m ° w for the model. The 

ratio of the two systems is then: 
8 
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W O = V~ . W~ 

If the materials of the model and prototype are the same, t h e n  

Wp = wm, so t h a t ,  

v 

Since the ratio of the volumes is equal to Lr 3, where ~ is 

the scale ratio, prototype to model, then: 

Wp = W m . Lr 3, in which 

Lr3 =(18) 3 - 5832 

It may be shown in a similar manner that where the accelerative 

forces and densities in the two systems are nearly the same and con~ 

stant, the forces are related as: 

With correct geometric and dyna~c similitude for this &~te test, ! 
it is assumed that the center of gravity and the center of buoyancy is 

the some fc~ model and prototype. Accordingly, the model gate will 

float at the correct elevation and inclination as the prototype o As 

explained above, however, the absorption of water by the model gate 

will have an effect on the forces measured. 

IV T~E MODEL 

For convenience in handl~, a 1 to 18 scale model was built of 

the gate as shown in figures 3 and A. It was estimated that the 

specific weight of the prototype timbers, which were t~ he obtained 

from Frlant Dam form l~aber, would be~O pounds per cubAc foot. The 

material used for the model mu birch, a hard wood weighing approxi- 

mately ~O pounds per cubic foot. Each member of the trusses was cut 

proper size to provide gecmetrlc similitude. The g~set plat@e were 

made of 2A-gage galvaaneal, and sa~ll bra~e were used to assemble the 



trusses, the assembly being hastened by using a full-size layout 

drawing as a template. Although some of ~the prototype trusses at 

the bottom of the gate required larger tie rods than those near the 

top, it was found necessary in the model to use wire of the same size 
L~ 

(OoO83-inch) for all trusses. By adding short pieces of heavier wire 

(O.llO-inch) to some of the bottom trusses, however, this difference 

wascorrected, and the proper ratio of metal to timber was obtained 

(figure &-A). The completed gate as shown~on figure 3 weighed 

21.875 po,x~ds equivalent to 127,575 pounds for the prototype 

(21.875 x (18) 3 = 127,575). This weight was 2 percent greater than 

an estimated prototype weight of 125,O00 pounds. 

The spillway tunnel portal and lifting equipment are shown on 

figure A-B. To keep the bottom of the gate against the portal face 

during testing, rubber bands were attached to each side of the portal 

and stretched around pins inserted on each side of the gate (figure 6), 

while vertical strips of wood were fastened to the portal face to keep 

the gate from moving laterally. This combination simulated to a 

certain extent the snubbing action to be used in the field, which will 

be accomplished by cables attached near the bottom of the gate and 

kept taut from inside the tunnel. Since the model was tested in one 

of the laboratc~ry supply channels, the tailwate, r depth above the portal 

sill was varied by moving the portal vertically andclamping or bolt- 

ing it at the desired position, 

V TESTING PROCEDURE 

To measure the lifting force necessary to raise the gate into a 

vertical position against the portal~ a wire cable was placed over two 

pulleys supported an a wooden frame, as shown c~ figure A-Bo One end 

of the cable was attached to a wire sling at the top of the gate, 

w~ile the other end was attached to a pan for holding gram weights. 

with the gate in position as shown on figure 5, the rabber bands 

for snubbing the bottom of the gate were placed around the pine and 

weights were then added to the pan until the gate reac~ed a position 
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of equilibrium for the load being applied. Measurements of the gate~ 

position were then recorded as shown on figure 6 for use in a stress 

analysis for designing the cross bracing. This procedure was re- 

peated for several positlons until the m~imum lifting force was fo~hnd 

which would place the gate in the vertical ~ position, The gate position 

for this load could not be measured since the gate accelerated int o 

the vertical position from the previous equilibrium position measured. 

For the data given in table l, only the maximum lifting force was 

required for various initial an~es (angle ~, figure 6), the initial 

angles being changed by lowering the downstream pulley. The total 

lifting force in the model was equal to the weight of the pan plus 

the gram weights; the pulley friction was less than 1 percent so was 

ne gle cted. 

VI "W~IGHT OF ~,~ODEL GATE CHANGES 

Before the record tests were made as recorded on figure 6 and 

in table l, a demonstration of the model operation was given during 

which the gate absorbed over a pound of water even though it had been 

sprayed with lacquer. To prevent this increase in weight frcm re- ~i~i I 

curring, linseed oil was applied to the gate afterit had been dried, S 

but this increased the weight considerably more than anticipated. By 

heating the gate in an oven and by replacing the original lagging 

with redwood, the weight was reduced to 22.625 pounds, an increase 

of 12 ounces over the original dry weight. Unfortunately, the absorp- z~:~ 

tion of water could not be prevented, so it was necessary to dry the 

gate between the tests to reduce the weight to a minimum. 

VII CONC L~SIONS 

The main results and conclusions have been enumerated in para- 

graph 2. Relative to the technique o£ model const~ction, it is 

quite evident that the attempt~ to prevent +-he ~del gate from 

increasing its weight due to absorption of water were entirely 

,k ~¢, 
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inadequate. Although the original dry weight agreed~ closely with the 

prototype estimate, it is recom~mnded that in similar problems a lighter 

wood such as redwood, pine, or fir be used. By ex~'imenting before- 

hand, it should be possible to determine the unit weight of these .~' 

materials after they have baden oiled or painted and then allowed to 

soak in water. With this wsight as a basis, the model material can 

be so chosen that the addition of moisture will Lelpful instead 

of a hindrance. It is not recommended that a m be purposely 

made too li~ht and then brought to the correct weig]~t by adding 

more material, since the center of gravity and buoyancy may be 

affected adversely. 
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FIEure 3- Model of bu!F21ead gate . i to 18 scale. 
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