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LOAD DEFLECTION TESTS 
ON CORRUGATED METAL SECTIONS 

SYNOPSIS 

Sample sections of corrugated metal plate of four different metal 

thicknesses and three types of corrugations were tested as beams and 

columns. Beam tests were made on plates formed to two curvatures, and 

column loading was applied to plates of three curvatures, one being 

the straight section. The connections were also studied. 

Some of the outstanding results are: (a) the order of ability 

to support load is, first, the 2- by 6-in. box type, second, the 

2- by 6-in. circular arc, and third, the 1-5/4- by 6.,in. circular arc; 

(b) within each type, the strength increased with.metal thickness; 

(c) the lap joint is more efficient than the butt joint for all tests 

except the straight columns; (d) double bolting of lap joints is 

more efficient than single bolting in the transfer of thrust as demon-

strated in the short column tests; and (e) the fiber stresses at 

failure are practically the same for each curvature studied. 

An important conclusion is that culverts may be designed on the 

basis of section modulus for 1-1/2-in., 1-5/4-in., and 2-in. depth 

for the circular arc type corrugation and 2-in. depth for the circular 

arc type corrugation and 2-in. depth for the box type. 
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PREFACE 

Most of the published research in the field of flexible metal cul-

verts has been done on 1-1/2- by 6-in. circular arc corrugations. 

Recently, 1-5/4- by 6-in., 2- by 6-in. circular arc and 2- by 6-in, box 

type corrugations have been produced and further testing has become 

necessary in order to evaluate these corrugations. 

In 1948, the Bridge Committee of the AASHO proposed a comprehensive 

investigation of corrugated metal plates and structures for the purpose 

of assisting in the development of a rational basis for the design of 

structures using the new sections. The proposal included (1) laboratory 

load tests on various sizes, shapes, and gages of corrugated plate 

sections, and (2) field investigations on flexible structures under 

different loading conditions. This report is confined only to the 

laboratory tests. 

In order to expedite i:;he work, a meeting of the following group 

was ~rranged in Washington, D. C. for the purpose of establishing ways 

and means of carrying out the laboratory testing program: 

~Eric L. Erickson, Chairman - Chief, Bridge Division, Bureau of Public 
Roads 

Dudley P. Babcock - Highway Bridge Engineer, Bureau of 
Public Roads 

Earl F. Kelley Chief, Division of Physical Research, 
Bureau of Public Roads 

Raymond Archibald - Chairman, AASHO Bridge Committee 
I 

George M. Foster 

Tage Beck 

C. R. Clauer 

David Henderson 

George E. Shafer 

- Bridge Engineer, Michigan State Highway 
Department 

- United Steel Fabricators, Inc. 

- United Steel Fabricators, Inc. 

- Armco Drainage and Metal Products Co. 

- Armco Drainage and Metal Products Co, 



T" Fo deCapiteau - Republic Steel Corporation 

Wo Rn Fraser - Republic Steel Corporation 

At this meeting, the Michigan State Highway Department, represented 

by George M. Foster, Bridge Engineer, agreed to provide laboratory 

facilities and to perform the laboratory tests" The three steel plate 

fabricators agreed to furnish the necessary test specimens and to coop-

erate in the investigation" 

The above committee voted to place the responsibility for working 

out the details of the laboratory tests in the hands of a subcommittee 

consisting of Eo L. Erickson, Chairman, G, M. Foster, and a representa-

tive appointed by each company, namely, C, R. Clauer for United Steel 

Fabricators, T. F. deCapiteau for Republic Steel Corporation, and George 

E. Shafer for Armco Drainage & Metal Products Co, At a meeting of this 

subcommittee in Lansing on February 25, 1949, tentative plans and 

procedures were established for doing the laboratory testing. It was 

agreed that the work should be done by the Research Laboratory of the 

Michigan State Highway Department and that it would consist of simple 

load-deflection tests on parallel specimens of corrugated plate sections 

currently being produced by the three participating fabricators. 

As testing of specimens progressed, the Stilicommittee was given 

the opportunity of inspecting the laboratory technique and procedure. 
' < 

At such a meeting on August 25, 1949, the following matters were 

discussed: bearings for specimens; bolt torque; bolt strain measurements; 

extent to which plates should be deformed under load; double bolting 

of joints; and an interim report. Similarly, on January 24, 1950, after 

observing a test, the subconwittee went into executive session and 

discussed the following: an outline of the final report; method of 



graphical presentation of data; strain measurement on plates at point 

of maximum moment; modulus of rigidity; comparison of modulus of rupture 

for plates of large and small radius of curvature, ultimate torque 

resistance of bolts; and tests on bolted samples at 100 ft.-lb. and 

200 ft.-lb. bolt torque. 

At a meeting on May 10, 1950, the committee discussed the theory 

of, flexible structures and pointed out the advantages obtained by using 

ultimate strengths and modulus of rupture values for comparison of corru­

gation stability. The result was a decision to tabulate the unit stress 

at yield point and the modulus of rupture at ultimate load for each plate. 

At a meeting in East Lansing on August 29, 1950 the conunittee 

reviewed a preliminary report of the complete results of the investigation. 

A draft of the final report incorporating the findings of the Research 

Laboratory and conclusions formulated in the committee was approved for 

presentation in brochure form. It was understood that this report was 

to be subject to final conooittee approval before publication. 



LOAD DEFLECTION TESTS ON CORRUGATED METAL SECTIONS 

INTRODUCT!ON 

Purpose of Investigation: 

The tests on corrugated plates were designed to furnish data which 

would aid in the solution of the following three problems: 

1. Are cross-sectional area and section modulus sufficient infor­

mation upon which to compute the strength of corrugated metal under 

bending and direct stress? 

2. Can the experience in the use of the old style 1-1/2-in. corrug­

ation be used for the design of 1-5/4-in. and 2-in. corrugation 

depths with proper allowance for the increased section modulus? 

5. Do the methods of joining the plates fully develop the strength 

of the plates in bending and thrust? 

The answers to these questions required many tests together with 

a correlation of the test results, In order to keep the laboratory 

program as simple as possible, the work was segregated with the following 

specific aims in mind: 

1, To study the influence of size and shape of corrugation on the 

plate deflections due to loads. 

2. To observe the effect of metal thickness upon plate deflections. 

5. To compare the efficiency of single-bolted and double-bolted 

fastenings. 

4, To observe the performance of butt joints versus lap joints. 

5, To investigate the effect of bolt torque on joint action. 

6. To measure the stresses in the bolts at plate failure, 

7. To study the influence,of plate curvature upon the magnitude of 

the extreme fiber stress. 

-9 -



Scope of Investigation 

Specimens to be tested were obtained from three sources, each supplier 

furnishing at least one style of corrugation. Three parallel samples 

were submitted for each of ten tests for each metal gage. Two suppliers 

furnished some old-style material in addition to the style currently 

being manufactured in order that there might be some bal)is for corre-

lating the results of the present test with those performed earlie~ by 
(1) 

Jamison Vawter. 

Specimen Description - The corrugation designated as Type A is a 
circular arc type. The depth is 1-B/4 in. and the pitch 6 in. Details 

are given in Figure 1 A. Sections are joined by a lap joint with high 

tensile bolts spaced as shovin in the sketch. 

Another style plate submitted by the same manufacturer is also 

shown in Figure 1 B. This OA type has a corrugation depth of 1-1/2 in. 

and a 6-in. pitch. The lap seam is used for assembling as in Type A, 

but the bolts are slightly smaller. Spacing details are shown in the 

figure. 

Another circular arc style is labeled Type R. This has a 2-in. 

depth and 6-in. pitch. The joint is similar to that of Type A with a 

small difference in the bolts. Figure l C shows these differences. 

From this same source, comes Type OR which is similar to the OA style 

These details are given in Figure 1 D. 

A new corrugation commonly known as the box type is called style U. 

It is in reality a modified trapezoidal shape with a high section modu-

lus due to the large surface in the outer fiber region. A butt seam is 

used for joining these plates. Details are shown in Figure 1 E and F. 

1 Tests on Curved Corrugated Beams by Jamison Vawter, University of Illinois. 
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TYPE U BUTT JOINT 

DETAILS i PLATES cuui JOINTS 
fiGURE I 
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The average length of specimens used in all tests except Test 2 was 

52-3/4 in, This dimension was the same whether the specimen was straight 

or curved, The specimens used in Test 2 were 24 in, in length. The 

average width of the specimens is given below in relation to specimen 

type, 

Type A width 21-3/4 in., 

TypeR width 22 ino 

Type U width 21 in., 

Type OA width 21-5/8 in., 

'I'ype OR width 21-3/4 in., 

More complete det.<>ils showing manufacturer's data for each of these 

styles of corrugation may be found in Table 1, Appendix. 

Bolt Description- The bolts supplied with specimen Type A and OA 

and Types R and OR were high tensile strength bolts with an average ulti­

mate strength of approximately 132,000 psi. Bolts furnished with Type U 

specimens were of A-7 g;rade metal with a lower ultimate strength value 

than material used in other bolts, 

The shank length of all the bolts used was l-l/2 in,, but they varied 

in diameter. The diameter of the bolts for Types A-R and V was 3/4 in. 

and for Types OA and OR it was ll/16 in, 

The Six Tests - To make the laboratory study of corrugated metal 

plates as complete as possible, the investigation was organized about 

six fundamental tests. Three of these were devised to measure horizontal 

and vertical deflections under column loading, one test was a measure 

of joint slippage in a column, and the remaining two were designed to 

give horizontal and vertical deformations when the specimens were 
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acting as beams. The different tests are diagrammed in Figure 2. 

Test l was a straight compression column. The specimens provided 

were plain, that is, there was no seam or joint. The plates had no 

curvature. The assembly was 52-3/4 in. long. The purpose of the test 

was to observe the type of failure and ncrt,e the strength of straight 

corrugated metal sheets when subjected to column loading •. 

Test 2 was a test on short columns made up of two straight sections 

bolted togetger. The assembly was 24 in. long. The test was designed to 

measure slippage between the plates and to determine the strength of the 

seam in shear. The exception, of course, was the butt cormection in 

which there was pure compression and no shear. These samples were tested 

to plate failure. 

Tests 5 and 4 were identical except for curvature of test specimens. 

In Test 5 the specimens were formed to a radius of 150 in. as compared to 

a 50-in. radius in Test 4. In both tests the specimens were supported 

on edge with the chord vertical and tested as columns. The samples con­

sisted of both plain and bolted specimens. The purposes of both of these 

curved column studies were to observe the extent of deformation, the 

resistance to load, and extent to which the seam developed the full strength 

of the plates. 

Test 5 was a sample beam test in which the specimens were supported 

at both ends and subjected to a downward force at the center. Measure­

ments were made of both horizontal and vertical displacements. The speci­

mens used in this test were identical to those used in Test 5. 

Test 6 differed from 5 only in the radius to which the plates were 

formed. In this case, a radius of 50 in. was used as against 150 in. in 

Test 5. Both plain and bolted samples were subjected to beam loading. 

- 15-
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These last two tests were formulated for the purpose of measuring the 

plate, the characteristics of the failed section, and the efficiency of 

the joint while the plate was acting as a beam. 

The Number of Samples - From the previous section it is seen that 

Test 1 required a plain sample, Test 2 a bolted sample, and the remaining 

four each required both a plain and bolted specimen. Thus, there were in 

reality ten tests. Three gages of metal were provided, namely, 1, 7, and 

12 and sufficient samples were furnished so tl~t each test could be 

repeated twice for each gage. 

Certain additional plates were supplied from 10-gage stock. In Tests 

5 and 6, the 10-gage samples were submitted from all sources. A few 

specimens of 5-gage material were received for Tests 1 and 2. In all, 

552 plates were supplied and all were tested except a few old-style samples 

which were badly rusted, 

System of Identification - Each plate was given a srunple number when 
,, 

it was received. The system used was suggested by G, E, Shafer. lt con-

sisted of .a group of numbers and letters in the following sequence: source, 

test number, ''a distinguishing letter for the individual plate, the nomi-

nal metal gage; and a letter indicating whether the plate was plain or 

bolted. Thus, we had a five-character symbol for each sample. 

The following characters were used: The source was A, R, U, OA or 

OR. The test numbers were 1, 2, 5, 4, 5, and 6. X, Y, and Z provided 

symbols to distinguish the three parallel test specimens. Metal gages 

were 1, 5, 7, 10, and 12. The distinction between plain and bolted or 

seamed specimens was made by using letters P (plain) and S (seamed), 

respectively. Thus, a plate labeled A6XlS was from source A, for Test 6, 
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the first of 5 samples, of 1-gage metal, and was a bolted specimen. Complete 

summary of test specimens used in the investigation will be found in Table l. 

Supplementary Studies - Although each plate carried a symbol indi1~ating 

the exact test to be performed upon it, there was some small deviation 

from the schedule. The subcommittee approved the proposal that the nzn 

plate of each group need not be tested if the results of X and Y correlated 

closely, This left quite a number of plates free for miscellaneous te$ting 

described as follows. 

l. Seam Strength. A large number of bolted Z plates from Test 3 

were subjected to beam loading with the seam reinforced by a double row 

of bolts, This was done in an effort to learn whether or not the standard 

bolting method developed the full strength of the joint. 

2. Residual Deformation. Some of the plain Z samples were tested as 

beams under a special beam loading program in which the load was released 

after each application. The intent here was to observe the rate of 

increase in permanent deformation. 

5. Fiber Stresses. In Test 4, some SR-4 electric strain gages were 

cemented to the curved columns at anticipated points of maximum fiber 

stress, These strains were measured both on the inside and outside of 

the plate. The purpose here was to make measurements to compare vdth 

the theoretical values obtained from standard formulas. 

4. Bolt Stresses. While conducting the beam tests, several sets of 

bolts were fitted with SR-4 Type A-8 strain gages to make measurements 

of bolt tension. Much difficulty was encountered due to the slippage 

in the joint. Considerable shear seemed to develop which, of course, 

could not be measured by the gages. 
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STYLE A STYLE R STYLE U OLD STYLE 

TEST NO .. NOMINAL DEVELOPED CHORD WIDTH THICKNESS DEVELOPED CHORD WIDTH THICKNESS DEVELOPED CHORD WIDTK THICKNESS DEVELOPED CHORD WIDTH THICKNESS STYLE 

GAGE LENGTH LENGTH LENGTH LENGTH LEUGTH LENGTH LENGTH LENGTH 

1 p 1 52.8 ---- 21.4 o278 53o0 --- 22.0 o)02 53·0 ---- 21.1 .. 270 

7 52.6 ---- 21.4 ol91 53·0 ---- 21.7 .205 53.0 ---- 2lol .. 172 53·0 ---- 21 .. 5 .191 OA 

12 53.0 ---- 21·3 .. 114 53·0 ......... 21.9 .. 122 53·0 ---- 20 .. 9 .. 111 53·0 ---- 21 .. 4 .. 109 OA 

2 s 1 24 .. 0 ---- 2lo4 .283 24 .. 0 ......... 21.6 .287 24.0 --- 21.0 .. 274 

7 24.0 ---- 21 .. 4 .. 190 24 .. 0 ........ 21 .. 6 .185 24 .. 0 ---- 20.9 .180 24 .. 0 --- 21.5 .198 OA 
10 24 .. 0 ---- 21 .. 6 .142 
12 24 .. 0 ---- 21.6 .na 24.0 ---- 21.9 .121 24 .. 0 ---- 20.8 .105 

3 • 1 52.2 21 .. 4 .283 52.1 21.9 ·302 52.1 21 .. 1 .2?6 51o0 21.8 .. 2?6 OR 

7 52.1 21..) .185 52.1 2lo7 .193 52.1 21 .. 0 .183 51.0 21.6 .184 OA 

12 52.4 2lo4 .107 52.1 21.8 .116 52~4 21 .. 0 .loB 51.0 21.6 .. 113 OA 

3 s 1 52.4 21 .. 6 .. 286 52.1 21 .. 9 e292 52 .. 0 21 .. 0 o277 

7 52.2 2lo4 .196 52.0 21.8 .190 52.0 21.1 .183 51.0 21.6 el93 OA 

12 52·3 21 .. 6 .. 114 52.2 21.6 .. 117 52·3 20.9 .. 107 51.0 21 .. 7 .. llo OA 
4 p 1 47o0 21.5 .284 47 .. 0 22 .. 0 .298 48.0 21 .. 2 .273 46.0 21 .. 6 .. 282 OR 

7 47 .. 0 21 .. 1 .188 47 .. 0 21.4 .. 191 47·3 21 .. 1 .179 46.0 21 .. 7 .. 191 OJJ. 

12 47.2 21.3 .. 114 47o0 21.6 .. 118 47·3 21 .. 1 .108 
4 s 1 47.0 21 .. $' .. 286 47o0 21.7 .. 291 48.0 21o0 .. 272 

7 ~ 47o2 21~4 .195 

" 
47.0 21.6 .187 ~ 48.0 21.1 .. 177 ,; 46.o 21.6 .185 OA 

1Z •M 47.0 21.6 .116 ~ 47o0 21.9 oll7 ~ 48.0 21 .. 1 .. 109 •M 

5 p 1 ""- 52.3 21.5 .281 ""- 52.6 22 .. 0 .. 294 ""- 52.3 21.1 .276 ""- $'2 .. 0 21 .. 6 .285 OR 

7 ~ 52.2 21.6 .180 ~ 52.3 21.7 ol92 ~ $'2o2 21.0 .. 181 ~ 

10 N 52.2 21.4 .. 141 N 52.3 21.7 .144 N 52.0 21.2 .135 N 51.6 21.6 .153 OR "' "' I 12 "' 52·3 21.4 oll4 "' $'2o4 21.9 .. 112 52.3 20.7 .. 107 52·3 21 .. 6 .119 OA .. -" - 5 s 1 -" 52.1 21.5 .283 .. $'2 .. 4 21.9 .295 ;:, 52.4 21 .. 0 .. 2?6 
..., 

52.1 21 .. 7 .284 OR ..., ..., ..., .::f 
I 7 ::r 52.4 21.2 .187 ::r 52.3 21.6 .187 § 52.3 21 .. 0 ol78 • 

10 • 52.1 21.1 .,130 • ~ 52.2 21 .. 0 .137 ~ 51-9 21.8 .152 OR ~ ~ --- -----
12 ~ 52.4 21 .. 6 .. 114 ~ $'2 .. 1 21.8 .118 ~ 52.3 20 .. 9 .. 107 ~ 52.0 21.6 .. 111 OA 

~ ~ 6 p 1 ~ 49.8 21 .. 3 .276 ~ 49.6 21.8 .292 11 49·7 21 .. 1 .274 

l 7 "§ 49·7 21.2 .. 184 ~ 49 .. 8 21-.6 .186 49o9 20 .. 9 .175 
10 " 5o.o 21 .. 3 .. 142 ~ --- ----- ,g 

49.8 21.2 ol35 50o3 21.8 .154 OR 
12. 49.8 21.6 .116 4903 21.5 .117 49.4 21.1 .. 108 50•1 21.6 elOl OR 

6 s 1 49.6 21 .. 4 .282 49.6 2lo9 .291 49.8 21.1 .282 

7 49o6 2lo3 .188 49.6 21.7 .188 49.:5 21.0 .175 
10 49o7 21.3 .131 --- ----- 49o3 20o7 .132 50.3 21 .. 9 .. 1$'0 OR 

12 49o7 21.4 oll$' 49o6 21.8 oll) 49.6 21.0 .106 50o3 21.8 .. 111 OR 
. 

TABLE: I 

CORRUGATED PlATE SIZES 
(All dimensions in inches) 



5, Resistance of Bolts to Torque. Near the conclusion of the experi­

mental work, a few plates were assembled and the bolts twisted until 

failure, Measurements were made with a torque wrench. 

6, Tests on the Metal, Samples were cut from the plates and tested 

for Brinell hardness, Several samples were obtained from each different 

heat where such data could be ascertained, In other instances, random 

sampling was used, Larger sections of the same plate were sent to the 

Testing Laboratory of the Bureau of Public Roads for physical and 

chemical tests, 

7, Joint Slippage, The behavior of a seam under shearing action 

was another feature investigated, While the short columns were being 

tested, some of the Z plates were assembled with bolts at 100-lb.-ft, 

torque, some at 200-lb .-.ft. and others at 300-lb ,-ft., Some were tested 

with a double row of bolts also, 

Although the miscellaneous tests were more or less incidental to 

the main plan of study, they contributed a good share of interesting 

information, 
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TESTING PROGRAM 

Description of Apparatus 

As noted above, four of the six types of tests to be conducted were 

on a column type structureo Each of the first four tests provided a 

slightly different problem in assembling the test apparatus. 

Test 1 required that the jaws of the loading machine be 52-3/4 in. 

apart after the different load transfer devices were placed in the machine 

and it also required a maximum load of approximately 500,000 lb" Existing 

testing apparatus available to the Highway Department did not satisfy 

these conditions and it was necessary to design and build a loading 

machine to meet these requirements" The machine designed may be seen 

in Figures 5 and 4o It consisted of two ij columns joined at the top by 

a fixed cross member and at the bottom by a movable cross member. The load 

was applied through a hydrav!ic jack capable of exerting 150-ton loado 

The plate being tested was free at both ends to rotate in the direction of 

the least horizontal dimension of the plate" This was accomplished by 

clamping large loading heads on top and bottom of the column and having 

a round member fastened to the top of the loading heado The 1-ino round 

was free to rotate in a circular grooved plate attached to the top and 

bottom cross members. 

The actual load being applied was measured through a dynamometer 

ring. Two dials were used to measure vertical deflection and two more 

dials were used to measure the horizontal deflection at the center of 

the plate. 

Test 2 was also a column test but only 24 ino long" There was a 

75-ton Universal Riehle testing machine available which had jaws large 
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enough for 24-in, specimens, About half of the specimens in this test 

required a load greater than 75 tons and these were tested on the apparatus 

discussed above for Test l, The upper head was lowered to allow for the 

difference in length between specimens 24 in, long and those 52-5/4 in, 

long, See Figure 4. Only the slippage at the joint between the two 

plates was measured for Test 2. 

The remainder of the samples for Test 2 were tested on the 75-ton 

Riehle testing machine shown in Figure 5, The specimens being tested 

rested on a flat plate at the bottom and the load was applied to the top 

through a loading head which was of sufficient cross section to 1nsure 

uniform distribution of the load over the entire plate, 

Four dials were used to measure the slippage between the two plates, 

The photograph shows their arrangement, As the two plates were pushed 

past each other, the indicators registered the movement in thousandths 

inches, The applied load was measured by the beam balance of the Riehle 

testing machine, 

The equipment used for Tests 5 and 4 was identical in all respects, 

The load was applied to the columns through a 50-ton hand-pumped 

hydraulic jack unit set in a frame constructe~ from Icbeam and. channel 

sections, Figure 6 shows this unit, 

The top and bottom of these columns were fixed with load transfer 

devices which insured freedom from restraint on the· ends, Figures 7 

and 8 picture these devices, The load applied to the columns was 

measured through a dynamometer ring, Two pairs of dials. were used to 

measure the deflection of the plates, one pair to measure the horizontal 

deflection of the center of the column and the other pair to measure ·the 
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vertical deflection. This arrangement may be seen in Figure 6. 

This same 50-ton hydraulic press used for the column tests was also 

used for the beam tests 5 and 6. The ends of the beams rested on two 

concrete block piers capped with a 1- by 8- by 24-in. cold rolled steel 

plate. The plates were machined to a smooth finish and set at the 

same elevation. 

In order to insure freedom from horizontal constraints on the ends 

of the beam specimens, a special load transfer device was designed. Each 

end of the corrugated metal plate specimen was set into the vertex formed 

by a 2-1/4- by 2-1/4-in. steel angle. To each angle was welded a l-in. 

round steel bar. The round steel bars rested in a groove of l-in. 

diameter milled in a flat steel plate. The flat steel plate, in· turn, 

rested on three l-in. round steel rollers which, in turn, rested on the 

steel caps of the two concrete block piers mentioned above. A photograph 

and diagram of this arrangement i.s shown in Figure 9. 

Two-point loading was used to transfer the load from the hydraulic 

press to the beam being tested. It was impossible to use single-point 

loading at the center of the beam because the joint fastenings on the 

bolted sections interfered with this procedure. The span of the two­

point loading was made just wide enough to clear the joints in the plates. 

For the sake of uniformity, the same type loading was also used on the 

unbolted plates. 

Wooden patterns were cut to fit each of the various types of corru­

gation used in order to insure uniform distribution of the load across 

the test specimen. These patterns were lined with heavy rubber sheeting 

for a more perfect fit. Th\l load was applied ·to a steel loading head 
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through a l-in. round ball bearing" Figure 10 exhibits the steel head 

and wooden patterns used to distribute the load. 

The vertical deflections of the center of the beam were measured 

with two 0.001-in. dials. The dials were attached rigidly to the frame 

of the testing machine and extensions from the stem of the dial were put 

through openings in the loading head directly to the corrugated plate" 

Changes in the span of the beam were measured to l/64 ino with a steel 

straight-edge. 

Incidental equipment used included a torque wrench and a Baldwin 

Southwark indicator to measure the strains in various parts of the 

specimenso 

Test Procedure 

The pr·ocedure in all of the six fundamental tests was essentially 

the same. The special angle pieces were clamped onto the ends of the 

specimen; it was placed in the press and seated; the dials were adjusted; 

and the load was applied through the hydraulic jack in previously calcu­

lated increments. Application of the load continued through the yield 

point until a maximwn value was reached after which succeeding deforma­

tions resulted from loads below this ultimate figure. 

A special study of permanent deformations was made on some of the 

specimens" The loading program was altered by releasing the load between 

applications to obtain alternate no load conditions" Dial readings at no 

load showed progressive permanent deformation. 

The bolted specimens were subjected to the same type of test as the 

plain specilnenso The seams were first bolted together to a designated 

bolt tor~ue·value by the use of a torque wrench" The assembled plate 

was then installed and tested in the manner described" 
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Since there was some difference in joint reaction caused by varia­

tion in torque applied to the bolt it was necessary to determine a torque 

that would approximate the force applied by the average laborer in the 

field. Using a wrench slightly smaller than that emr;J.oyed in the field, 

five highway employees found that the average torque they could apply 

was 157 ft.-lb. Assuming that the lfiborer in the field has a larger wrench 

and also a better knack for using such tools it was agreed that a torque 

of 200 ft.-lb. would be very near to field usage, All bolts used in fasten­

ing joints for the plates were tightened with a torque of 200 ft.-lb. except 

in a few instances where changes were made for experimental purposes. 

In all of the tests except number two, the short column bolted plate 

study, both horizontal and vertical deflections were measured, In Tests 

1, B, and 4, measurements were all made with 0.001-in. dials. In Tests 

5 and 6 the vertical deflections were read from dials but the horizontal 

spread of the beam ends was read on a scale graduated in 64ths of an inch. 

No horizontal readings were taken on Test 2. This test was designed for 

the measurement of resistance to direct thrust and only the slippage at 

the lapped joint was recorded, ~'he butt joints resisted the thrust by 

pure compression, and in these cases total vertical deflections of the 

assemblies were the only data taken. 

When two or more similar plates were subjected to the same test, the 

results were averaged and the averages tabulated. The figures from the 

permanent deformation study and the experiment with double bolting were 

obtained from a single sample of each type, The data originally recorded 

were the load increments and the horizontal and vertical deflections 

from the 0.001-in. dials. The load increment varied according to 
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the. rey_uirements of the test and was determined by the number of values 

nc'eded to draw a smooth curve of the action of the plate under load" In 

Tests l and 2 it was 10000 lb" In Test 5 increments of 2000 lbo to 5000 lbo 

were usedo Tests 4, 5, and 6 required smaller intervals, and the increments 

chosen for these testn were from 500 to 1000 lbo 

IVIiscel_laneous Test.0 

At opportune timGs during the regular tee,ting program some supplemen­

tary studies were mudeo Strainc in the outer fibers o:E'.the plates were 

measured on a fevi of the plates of Test 4~ Several SR-4 typ<:! strain gages 

W<·n·e attached to eJ.eh [~ide of the plate in tandem on the extre:me f:tber of 

the eorrugation8 near thr:; point of maximum. bending moment. of the plate~ 

The data from the gage which produced the largest reading was selected 

as typicaL 

Tensile stresses on bolts were measured alsoo SH=4 strain gages were 

cemented to the bolts as shovm in Figure lL The jointe were assembled 

with 200-lbo-fto bolt torque and the plates were tested in the. usual method" 

1'he apparent strength of a number of bolts used in the ;ioint assemblies 

was checked by actually twisting them by means of a torque wrench untl.l 

failure, and measuring the ultimate torque in foot poundso 

Characteristics of the metal were also studiedo Chemical analysis 

was furnished by the manufacturero Brinell hardness tests u,sing a 10 mm 

ball with a load of 500 kilograms were performed in the laboratory on 

small 2- by 2-ino specJ.mens cut from the sheetso Test results will be 

found in Table 2, Appendix" Larger 12- by 15-ino samples were sent to 

the Bureau of Public Roads for determination of chemical and physical 

properties and modulus of elasticity" These data are presented in 

2'able ::': A, B, and C, Appendixo 
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OBSERVATIONS 

The results of the series of six tests are found in Tables 4 through 

17 of the Appendix, The data therein has been used to construct graphs for 

a ready comparison of the influence of the various factors upon plate 

performance. The resulting curves are grouped where possible to bring out 

the effect of corrugation style in one case and effect of gage or plate 

thickness in another. Not all of the data is shown in graphic form because 

of the similarity in the shape and order of the curve. 

Further comparisons are made on the basis of computed unit stress at 

the elastic limit and the modulus of rupture. These values were computed 

using the manufacturers' tabulated data for moment of inertia and section 

modulus. Measurements in Table l show that the measured values for thick­

ness check within reasonable limits with the manufacturers' data shown in 

Table 1 of the Appendix, Other measurements that determine the moment of 

inertia were found to be within the same limits so that it was felt that 

the use of the tabulated values for section modulus and moment of inertia 

would be consistent with the degree of accuracy of the load deflection 

data, 

Effect of Corrugation 

Figure 12 illustrates graphically the effect of style of corrugation 

on overall load-carrying capacity when acting as intermediate columns. 

Types U and R have very nearly the same capacity, Types A and OA have 

progressively lower load-carrying ability. These curves are drawn on 

the assumption that all the plates had tha seme overall dimension and 

that the only variables are the factors that determine the section 

modulus. The section moduli for Types U, R, A, and OA are progressively 
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less and except for the similarity in curves U and R the loads are in 

proportion to the load carrying abilityo The close agreement in the loads 

carried by Types U and R would indicate that in the case where these 

plates are acted on as slender columns either Type R is more efficient 

than in succeeding tests or that Type U is not developing its full load 

carrying capacityo 

In all styles of corrugation tested there was a progressive spreading 

and consequent reduction of depth in the cross section of the plates at 

the centero This reduction of depth decreased the moment of inertia of 

the plates and failure progressed rapidly when the spreading became 

apparento Photographs of four types of specimens from Test 1 are shown 

in Figure 15o 

Tests 5 and 4 are further column tests except that the columns are 

curved having radii of 150 ino and 30 ino, respectivelyo (See Figure 2) 

The graphs for these load-deflecticG tests are found in Figures 14 and l5o 

The curves for the unbolted specimens (Figure 14 A and 15A) have very 

nearly the same pattern as those for Test 1 shown in Figure l2o Here 

the difference between the load carrying capacity of Types U, R, A, OA, 

and OR are more apparent and are of the same order as the different 

section modulio A different pattern may be noted for the bolted plates 

in Tests 5 and 4, as shown in Figure 14B and 15 Bo The superiority of 

the U type is not nearly as evident in this caseo In fact, in the 

bolted specimens of Test 4, the TypeR corrugation is superior to Type Uo 

This will be discussed further in the section on joint efficiencyo 
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Strain Measurements - For a further analysis of t~e effect of corru-

gation, strain gages were placed as nearly as possible to the point of 

m~ximum strain on specimens' in Test 4. One sample of ea~h of the three 

corrugation styles was analyzed in this manner. The resulting data is 

shown in Table 2. A coefficient of elasticity (E) of 29,000,000.psL was 

assumede 
TABLE 2 

LOAD VS. STRAIN IN EXTREME FIBERS OF CORRUGATED PLATE 

Fiber Strain Fiber Strain Fiber Strain Fiber Strain 
Load in ''M· . j· ~cro., J.no ~no Micro in./in. Micro. in./in. Micro. in./in. 
Thousand Convex surface Convex surface Concave surface Convex surface 
Pounds Spec. U4ZlP Spec. R4ZlP Spec. R4ZlP Spec. A4ZlP 

1 172 
2 165 210 -248 280 
5 387 
4 259 417 -489 487 
5 610 
6 456 617 -718 742 
7 .875 
8 565 740 ·-950 965 
9 1140 

10 710 928 -1156 1503 
11 1522 
12 859 1153 -1578 1873 
15 2352 
14 985 1566 -1540 5500 
15 at 14.0 
16 1104 1581 -1645 
17 
18 1254 1951 -1785 
19 
20 1404 2555 -2050 
21 
22 1552 5256 -2990 
25 7662 -8570 
24 1758 at 22.5 at 22.5 
25 
26 2464 
27 
28 5145 
29 over 5000 
50 at 29.8 

*· ml..cro-in .. is .000001 in. 
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The unit stress at the elastic limit has been computed from the 

observed elastic limits in Figure 15 A, These elastic limits are found 

to be: 
Type A - 10,000 lb. 
Type R - 16,000 lb. 
Type U ~ 22,000 lb. 

From the observed strain readings at these points (Table 2) the 

computed stresses are: 

.Type A- tension face- 57,800 psi 
Type R - tension face - 45,850 psi 
TypeR compression face- 47,700 psi 
Type U - tension face - 45,000 psi 

Computing the stresses for these same three specimens using the 

manufacturers' tabulated values for section modulus and substituting in 

the eccentric column formula S = P/A + MC/I the computed ,stresses 

are: Type A - tension face - 58,250 psi 
Type R - tension face - 55,570 psi 
Type R - compression face -- 57,850 psi 
Type U- tension face- 45,750 psi 

The two methods of computing stress compare quite favorably, indicating 

the section modulus as furnished for these style corrugations furnishes 

reasonable stress values. 

The characteristic failure of the principal styles of corrugation 

subject to loading conditions such as those in Test 5 and 4 are illustrated 

in Figures 16 and 17, The circular arc type corrugations both have the 

characteristic spreading that occurs when the plates are subjected to 

column action, The box type corrugation is also subject to some 

spreading under load and as shown in Figure 16, there is also evidence 

of localized buckling near the section in maximum stress, 

The load deflection data for Tests 5 and 6 are shown in Figures 18 

and 19 and make possible an evaluation of the effect of corrugation 
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style upon plate performance from two points of view, namely, the beha­

vior in the elastic range and the performance in the yielding range up 

to the point of ultimate load, 

In the elastic portion of the curve the stiffness of the plate is 

indicated by the slope of the straight line section. From Figures 18 and 

19 one observes that for plain specimens, plates U, R, and A have a 

comparable degree of stiffness in gages 1 and 7, The lighter gages do 

not follow any well-defined pattern. The elastic limits are highest for 

u, less for R, and lowest for A style plates, Unit stress values at 

elastic limits for Tests 5 and 6 are presented in Tables 3 and 4, 

There are at least two methods of evaluating performance above the 

elastic limit, The first and most direct is a comparison of ultimate 

loads, and the second is a comparison of modulus of rupture values, 

Again reference to Figures 18 and 19 shows that among the three 

newer corrugations the ultimate loads are greatest for the U style, and 

lowest for the A style, For further analysis in this respect, 'l'able 5 

has been prepared, Values of the section modulus (I/C), and ultimate 

load have been tested for three types of corrugation and for four metal 

gages, The ratios in the third and fifth column are the quotient of the 

corresponding entries in columns two and four by the lowest values in 

that group, 

The pattern of Table 5 substantiates the observations from the graphs 

in that the ultimate loads are greatest for the U style, less for R and 

least for A, This is to be expected since the section modulus values 

decrease in the same order, A further examination shows that the ratios 

of ultimate loads are greater than the ratio of the section moduli 

except in one instance, 
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TABLE 5 

UNIT STRESS AT ELASTIC LIMIT - TEST 5 

(l) (2) ( 5) (4) 5 
Specimen Load at Working Bending Total Unit Stress at Average 

Elastic Length Moment Section Elastic Limit 
Limit (L - 4.58) (5)=(l)x(2) Modulus (5) = (3) -; {4) 

4 
(in. 5) (lb.) (in.) (in.-lb.) (·Qsi _lim_:i,_ 

U5XlP 17000 48.12 204400 5.11 40000 
U5YlP l7000 48.07 204300 5.11 40000 
U5ZlP 19000 48.15 228600 5.11 44800 41600 

U5X7P 11000 48.04 152000 5.405 58800 
U5Y7P nooo 48.04 152200 5.405 58800 
U5Z7P 12000 48.07 144200 5.405 42550 59985 

U5XlOP 9500 47.76 115500 2.615 45400 
U5YlOP 9000 47.95 107800 2.615 41200 
U5ZlOP 9000 48.10 108100 2.615 41400 42000 

U5Xl2P 7000 48.15 84200 2.066 40800 
U5Yl2P 7000 48.18 84500 2.066 40800 
U5Zl2P 5000 48.12 60200 2.066 29200 56950 

R5XlP 11000 
R5YlP 12000 48.59 145000 5.:L9 45400 
R5ZlP' 12000 48.55 144800 5.19 45400 45400 

R5X7P 7000 47.96 85800 2.165 58700 
R5Y7P 6000 48.17 72500 2.165 35400 
R5Z7P 7000 48.25 84400 2.165 59000 57050 

R5XlOP 6000 48.15 72200 l.64l 45900 
R5YlOP 6000 48.10 72200 1.641 45900 
R5ZlOP 6000 48.05 72200 l.64l 45900 45900 

R5Xl2P 5500 48.20 42200 1.288 52775 -
R5Yl2P 4000 48.05 48000 L288 57575 
R5Zl2P 4000 48.12 48120 1.288 57575 55842 

A5XlP 6000 48.05 72100 2.782 25900 
A5YlP 6000 48.00 72000 2.782 25850 
A5ZlP 7000 48.00 84000 2.782 50200 27520 

A5X7P 4500 48.21 54200 L882 28800 
A5Y7P 4500 48.20 54200 1.882 28800 
A5Z7P 5000 48.09 60100 L882 51900 29850 

A5XlOP 5000 48.05 56100 1.458 25100 
A5YlOP 5000 47.82 55900 1.458 25000 
A5ZlOP 3000 48.07 36100 l.458 25100 25067 

A5Xl2P 2000 48.06 24050 Ll5l 21250 
A5Yl2P 2000 48.01 24000 1.151 21250 
A5Xl2P 2000 47.98 25990 1.131 21250 21250 

OR5XlP 6000 47.85 71775 2.006 55452 55452 

OR5XlOP 4500 47.98 55977 1.045 51652 
OR5YlOP 4500 48.09 54101 l.045 51771 51711 

OA5Xl2P 5000 48.54 56255 0.807 44926 
OA5Yl2P 5000 48.15 56.115 0.807 44750 44858 
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TABLE 4 

UNIT STRESS AT ELASTIC LIMIT - TEST 6 

(1) (2) ( 5) (4) ( 5) 
Specimen Load at Working Bending Total Unit Stress at Average 

Elastic Length Moment Section Elastic Limit 
Limit (L - 4,58) (5)=(1)x(2) Modulus (5) = (5)-'- (4) 

. 0 

4 
(in. 5) (ll.j.) (in.) (in.-1b.) (psi) (psi) 

U6XlP 20000 45.82 229100 5.11 44800 
U6YlP 18000 45.75 206000 5.11 40500 
U6ZlP 19000 46.00 218500 5,11 42700 42600 

U6X7P 11500 45,75 151700 5.405 58700 
U6Y7P 12000 45.96 157800 5,405 40400 
Uf3Z7P 12000 45.79 157500 5.405 40500 59800 
U6XlOP 10000 45.75 114500 2.615 45800 
U6YlOP 10000 45,90 114500 2.615 45800 
U6ZlOP 10000 45,95 114600 2.615 45800 45800 

U6Xl2P 7000 45,48 79600 2.064 58600 
U6Yl2P 7500 45.82 85900 2.064 41500 
U6Zl2P 8000 45.60 91200 2.064 44200 41455 

R6XlP 12000 45.70 157200 5,189 45000 
R6YlP 12000 45,54 156800 5.189 42900 
R6Z1P 11000 45.51 124500 5.189 59100 41670 

R6X7P 7000 45.67 79800 2.165 56800 
R6Y7P 7000 45.75 80100 2.165 56800 
R6Z7P 8000 46,09 92200 2.165 42600 58750 

R6Xl2P 4000 45,87 45870 L288 55600 
R6Yl2P 4000 45,50 45500 L288 55400 
R6Zl2P 4500 45o48 51100 L288 59700 56900 

A6XlP 8000 45.75 91460 2.782 52800 
A(JYlP 8000 45.75 91460 2.782 52800 
A6ZlP 7000 45,78 80200 2.782 28800 51450 

A6X7P 5ooo 45.46 56800 L882 50200 
A6Y7P 5000 45.68 57100 1.882 50500 
A6Z7P 5000 45.70 57200 L882 50400 50500 

A6XlOP 4000 46.00 46000 1.458 52000 
A6YlOP 4000 46.17 46170 1.458 52100 
A6ZlOP 5500 45.78 40100 1.458 27900 50650 

A6Xl2P 2000 45.57 22780 1.151 20200 
A6Yl2P 2000 45.76 22880 1.151 20200 
A6Zl2P 2000 45,50 22750 1.151 20200 20200 

OR6XlOP 4000 46.18 46180 1.045 44191 
OR6YlOP 4000 46,55 46550 1.045 44554 44272 

OR6Xl2P 1500 46.00 17250 0,8228 20965 
OR6Yl2P 1500 46.25 17544 0.8228 21079 21022 
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Type and Gage 
of Corrugation 

u 1 gage 

R 1 gage 

A 1 gage 

u 7 gage 

R 7 gage 

A 7 gage 

u 10 gage 

R 10 gage 

A 10 gage 

u 12 gage 

R 12 gage 

A 12 gage 

--· 

TABLE 5 

EFFECT OF CORRUGATION AND SECTION MODULUS ON 
ULTIMATE LOAD AND MODULUS OF RUPTURE 

(Based on Test 5) 

Ultimate Modulus of 
I/C Ratio Load Ratio Rupture 

(in psi) 

5.11 L84 28,000 2.51 66,406 

5.189 1.15 18,900 1.56 72,454 

2.782 1.00 12,100 1.00 52,595 

5.405 1.81 16,600 1.98 59,090 

2.165 1.15 11,500 1.37 64,875 

1.882 1.00 8,400 LOO 54,066 

2.615 1.82 11,800 L88 54,585 

1.641 1.14 9,750 1.45 72,055 

L458 LOO 6,500 1.00 52,929 

2,065 L82 8,400 2.25 49,255 

1.288 1.14 6.070 1.62 q7,125 

1.151 LOO 5,740 LOO 59,960 
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Ratio 

1.26 

1.58 

1.00 

1.09 

1.20 

1.00 

LOB 

1.56 

1.00 

1.25 

1.45 

1.00 



Another basis for evaluation of corrugation efficiency is a compari-

son of moduli of rupture. These cannot be seen graphically but are com-

puted by the formula 

Sr = PKC/I 

where P is the ultimate load, K is moment arm at ultimate load position, 

and the ratio I/C is section modulus of the plate. Modulus of rupture 

values for all plates in Tests 5 and 6 have been computed and are listed 

in Tables 6 and 7, However, for immediate comparison these figures have 

been grouped and averaged and are shown in columns 6 and 7 of Table 5 

in such a way that the trend is evident. 

The ratios of the modulus of rupture figures do not follow the same 

pattern as the ultimate loads. In this case the R type corrugation 
0 

seems superior, while next in ord~r are U and A. There· is apparently no 

direct relationship between modulus of rupture and section modulus. 

Possible reasons for this fact are: first, the corrugation shape changes 

with a consequent change in section modulus value at the point of failure, 

and second, the stress formula is applied in a yield region where elastic 

relationships no longer exist, 

Figures 20 and 21 illustrate typical failures for plain and bolted 

circular type corrugated specimens in Tests 5 and 6, As expec·ted the 

maximum deflection occurs at the point of maximum bending moment. In 

the bolted specimens the maximum bending appears to occur at the row of 

bolt holes in the "top" plate at the joint. Figure 22 illustrates 

typicaL,failures for the box-type corrugation. The:ce is evidence of 

localized buckling in this style corrugation, and in the jointed speci-

mens failure occurs more readily in the joint than in the corrugations 

themselves. 
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TABLE 6 

MODULUS OF RUPTURE - TEST 5 

(l) 
~ 

(2) ( 5) (4) (5) 
Specimen Ultimate Working Bending Total Modulus of Average 

Load Leqgth Moment Section Rupture 
(L - 4,58) (5)=(1)x(2) Modulus (5) = (3)-"(4) 

4 ' 
(lb.) (in,) (in,-1b') (irt_. 5) (psi) (psi) 

U5XlP 28000 48.48 559560 5,11 66411 
U5YlP 28000 48.58 538660 5.11 66274 
U5ZlP 28000 48,57 559990 5.11 66534 66406 

U5X7P 16800 48,57 203154 3.405 59665 
U5Y7P 16850 48.29 205422 5,405 59742 
U5Z7P 16240 48.58 196425 5,405 57866 59090 

U5XlOP 12000 48.01 144050 2.615 55078 
U5YlOP 12000 48.20 144600 2.615 55296 
U5ZlOP 11400 48.45 158026 2,615 52782 54385 

U5Xl2P 8100 48,51 97828 2,066 48298 
U5Yl2P 9000 48.58 108855 2.066 52689 
U5Zl2P 8000 48,26 96520 2.066 46718 49235 

R5XlP 17400 
R5YlP 19300 48.62 254590 5,19 75539 
R5Z1P 18600 48,96 227664 5.19 71568 72454 

R5X7P 11520 48,67 1401?0 2.165 64744 
R5Y7P 11800 48.68 145606 2.165 66350 
R5Z7P 11500 48.70 157578 2.165 65546 64875 

R5XlOP 9720 48.51 117879 1.641 71854 
R5YlOP 10000 48.46 121150 1.641 75826 
R5ZlOP 9550 48.46 115698 1.641 70505 72055 

R5Xl2P 5720 48.45 69284 1.288 55792 
R5Yl2P 6500 48.49 78796 1.288 61177 
R5Zl2P 6000 48.45 72645 1.288 56401 57123 

A5XlP 12180 48.41 147408 2.782 52986 
A5YlP 12180 48.21 146799 2.782 52767 
A5Z1P 12000 48,25 144750 2. 782, 52051 52595 

A5X7P 8000 48.45 96900 L882 51488 
A5Y7P 8500 48.46 102973 L882 54717 
A5Z7P 8700 48.45 105579 L882 55995 54066 

A5XlOP 6180 48.46 74870 L458 52065 
A5Y10P 6125 48.57 74067 L458 51507 
A5ZlOP 6550 48.49 79402 1.458 55217 52929 

A5Xl2P 5600 48.38 45542 1.131 58498 
A5Yl2P 5620 48,28 45695 Ll3l 5863.2 
A5Z1.2P 4000 48.55 48550 Ll3l 42750 59960 

OR5XlP 8500 48.28 102595 2o006 51144 51144 
OR5XlOP 6500 48.12 75789 L045 72525 
OR5YlOP 6560 48.37 76908 L045 73596 75060 
OA5Xl2P 4440 48.54 53879 0.807 66765 
OA5Yl2P 5940 48,51 47585 0.807 58965 62865 

-- 42 -



TABLE 7 

MODULUS OF RUPTURE - TEST 6 

(2) 
~ 

( 3) (4) (5) (l) 
Specimen Ultimate Working Bending Total Modulus of Average 

Load Length Moment Section Rupture · 
(L - 4.58) (3)= (l)x(2) Modulus (5)=(5)7(4) 

4 
_(in. 5) (in.) (in.-lb.) (psi) (psi) 

U6XlP 55850- 47.75 405915 5.11 79044 
U6YlP 55850 47.56 402476 5.11 78762 
U6ZlP 52000 48.04 584520 5.11 75209 77672 

U6X7P 17500 47.21 204185 5.405 59966 
U6Y7P 17200 47.57 204551 5.405 60074 
U6Z7P 17400 47 .5'7 206050 5.405 60514 60185 

U6XlOP 12500 46.82 143970 2.615 55055 
U'lYlOP 12000 46.73 140190 2.615 53610 
U6ZlOP 13195 47.07 155270 2.615 59376 56015 

U6Xl2P 9180 45.85 105220 2.064 50979 
U6Yl2P 9500 46.28 107600 2.064 52152 
U6Zl2P 9500 46.15 107500 2.064 51986 51699 

R6XlP 21000 47.40 248850 3.189 78054 
R6YlP 21860 47.57 259970 5.189 81521 
R6ZlP 25000 47.52 272090 5.189 85321 81625 

R6X7P 15800 47.57 164116 2.165 75804 
R6Y7P 13650 47.95 165630 2.165 75580 
R6Z7P 14000 47.56 166460 2.165 76887 76090 

R6Xl2P 7220 47.31 8539<1 1.288 66500 
R6Yl2P 7055 47.12 85107 1.288 64524 
R6Zl2P 8000 47.09 94180 1.288 73121 67982 

A6XlP 13650 47.59 162401 2.782 58576 
A6YlP 14000 47.54 166590 2.782 59809 
A6Z1P 13000 47.62 154765 2.782 55631 57939 

A6X7P 9600 47.15 115160 1.882 60128 
A6Y7P 10000 47.56 118900 1.882 63178 
A6Z7P 8650 47.40 102505 1.882 54465 59257 

A6XlOP 6800 47.78 81226 1.438 56485 
A6YlOP 7560 47.94 90607 1.458 63009 
A6ZlOP 7410 47.45 87864 1.438 61101 61415 

A6Xl2P 4385 47.45 51995 1.151 45975 
A6Yl2P 4220 47,65 50271 1.131 44448 
A6Zl2P 4000 47.40 47400 1.151 41910 44110 

OR6XlOP 7000 47.59 85282 1.045 79Ei96 
OR6YlOP 6950 47.57 82415 1.045 78(166 79281 

OR6Xl2P 5500 47.01 41154 0.8228 49993 
OR6Yl2P 5500 47.56 41615 0.8228 50577 50285 
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It is evident from the above observations that there is a relation·" 

ship between published section modulus and the load carrying capacity of 

the various corrugations. This relationship is nut linesr but rather (tf' 

the section modulus increases the load carrying c".paci ty increaser; at an 

even greater rate. 

Effect of Gage 

Figures 23, 24, and 25 illustrate the influence of gagH on overe.JJ" 

strength of the plates for the colmnn tests 1, 3, and 4, r:Jspect:I3o1y, 

Without exception, these curves show that as th.c metul thickness 3.:3 

increased the load at which the plates failed increases also, This 

further illustrates the point that as the section moduJ.us (a fw1etion of 

the gage) increases, the load carrying capacity of the plates is elrJo 

increased. 

Figures 26 and 2'1 illustrate the same relationship for Tests 5 nnd 

6. In this case again there is a progressive increase in load carrying 

capacity. 

It is seen that the stiffness of the corrugated sheet ic1 influenced 

to a !,Teat extent by metal thiclmess. Comparison of 1 gage and 12 gage 

curves, .for example, illustrate that an increase in metal thiclmesc i'rom 

0,105 in. to 0.275 in. trebles the ability to carry loads, 

Since metal gage is a factor in the determination of section modulus 

Table 8 has been computed. Here plates from each of the three principal 

sources have been grouped by gage, section modulus and ultimate load 

figures have been tabulated, and two ratio columns have been formed by 

dividing the section modulus and ultimate load values, respectively, 

by the lowest entries in each group, The ratio columns show a variation 
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in section modulus ratios from l to almost 2o5 while the ultimate load 

ratios vary from l to 3o54o 

The effect of metal thickness on modulus of rupture can be readily 

ascertained by use of the values listed in Tables 6 and 7 o By averaging 

the entries in these tables in such a way as to obtain a representative 

modulus of rupture value for each gage for each manufacturer we are able 

to produce Figure 28o 

Type U 
1 
7 

10 
12 

TypeR 

1 
7 

10 
12 

Type A 

1 
7 

10 
12 

TJ\BLE 8 

EFFECT OE' GAGE ON SECTION MODULUS AND UL'riMATE LOAD 
(Based on Test 5) 

5o11 
3o405 
2o6l5 
2o066 

5ol9 
2ol65 
1.641 
1.288 

2o782 
1.882 
1.458 
1.151 

Ratio 

2o47 
1.65 
1.26 
LOO 

2o48 
1.68 
1.27 
1.00 

2.46 
1.66 
1.27 
1.00 

Ultimate load 
(in pounds) 

28000 
16600 
11800 

8400 

18900 
11500 

9750 
6070 

12100 
8400 
6500 
5740 

Ratio 

5.54 
1.98 
1.41 
1.00 

5.11 
1.89 
1.61 
1.00 

5o24 
2o25 
1.68 
1.00 

Included in Figure 28 and illustrating the l-l/2-in. type 

corrugations (OA and OR) are values of unpublished data by Jamison 

Vawter, Professor of Civil Engineering, University of Illinoiso This 

is a report of tests on beams made of corrugated plate much the same 

as Tests 5 and 6 of this present projecto All of Vawter's tests were 

made on Type OA corrugation and the principal results are shown in 

Table 9o 
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TABLE 9 

AVERAGE MODULUS VALUES FOR OA PLATES 

by Vawter 

Test Gage Radius Total load Average Span Section Modulus of 
No. inches pounds incheS Modulus Rupture 

in. 3 '. pS1.' 

2 7 50 9900 50.88 1.872 67300 
3 5 50 11710 50.82 2.166 68700 
4 5 50 13570 50.76 2.454 69100 
1 1 50 15130 50041 2.694 70800 
7 7 100 8850 52.06 1.872 61500 
8 5 100 10910 52.14 2.166 65700 
5 5 100 12120 52.10 2.454 64500 
6 l 100 14130 51.95 2.694 6!ll00 

10 7 150 8580 52o06 1.872 59700 
9 5 150 10390 52.06 2.166 62400 

11 3 150 11900 51.98 2.454 63000 
12 1 150 14210 52.12 2.694 68700 

The values for modulus of rupture in Table 9 compare favorably with 

the values for Type OA as secured by this series of tests. Vawter's values 

in Table 9 have been averaged and presented graphically in Figure 28 

together with data from tests on OA plates in this investigation. 

The curves for Types U and R corrugations in Figure 28 are somewhat 

similar in that modulus of rupture increases with metal thickness, although 

the pattern for Test 5 of Type R is not clear. Type A and OA exhibit a 

different trend. Although the modulus of rupture value for 12 gage 

material is low, there is no increase in ordinate for gages heavier than 

number 10. In all cases, however, the 12 gage has a low modulus of rup-

ture value. This would seem to indicate that none of the corrugation 

styles efficiently develop the metal strength to its fullest extent for 

this thin metaL It is also possible that some of the apparent loss 

of efficiency is due to the type of loading used in Tests 5 and 6. The 

two point loading head used is more likely to cause localized buckling 
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in thinner plates than will occur in the heavier gages. Such point 

loading does not occur in actual practice and this fact may be kept in 

mind when analyzing this data. 

Performance and Efficiency of Joints 

This phase of the project may be further subdivided into two parts, 

l) Lap joint versus butt joint, and 2) single bolting versus double 

bolting (lap joint only), The lap joint versus butt joint may he further 

analyzed by comparing their action first as in a beruu and secondly as in 

direct shear. 

As a basis for the evaluation of joint performance it was decided 

that plates with seams were to be tested in a manner identical to that 

for plain plates. Thus, the efficiency of the fastening conld be judged 

by finding the ratio of the load carried by the seruued sruuple to the 

load carried by the plain plate, Table 10 has been compiled on this 

basis a 

Joint efficiency may be computed at any load, and for comparison 

these efficiency ratings have been listed for both elastic limit and 

ultimate load in Tests 5 and 6. It may be noticed that with very few 

exceptions the efficiency rating is higher at the point of ultimate 

load than at elastic limit. Most of this is a result of slippage and 

internal adjustment which causes the elastic limit to be lower than i.t 

might otherwise be. In the curved beams the butt joint as used in Type U 

is about 20% less "efficient" than the lap joint. This is also evident 

by comparing the curves drawn from the load deflection test. It was 

previously pointed out that in curves drawn for the different tests 

comparing the plain and bolted sections that the Type U specimen has 
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"' " ' 

Specimen 

U 1 ga 

U 7 ga 

U 10 ga 

U 12 ga 

R 1 ga 

R 7 ga 

R 12 ga 

A 1 ga 

A 7 ga 

A 10 ge. 

A 12 ga 

Specimen 

R 1 ga 

R 7 ga 

R 12 gii\ 

A 1 ga 

A 7 •• 
A 10 ge. 

A 12 ga 

CURVED COLUMNS 

Test #3 Test #4 
Ultimate loads % Eff. Ultimate loads 

plain bolted plain· bolted 

12J000 65000 53 30400 20000 

70000 40800 58 17400 13000 

40000 30800 77 84DO 8400 

79700 52300 66 22000 21000 

48600 42800 88 12000 13000 

28000 28200 100 5500 7000 

45000 41800 93 14500 13000 

44600 34800 78 9000 9000 

16700 17100 100 2500 3500 

% Efficiency is ratio, expressed as percent, of 

Test #5 
Elastic limit 

plain bolted % Eff, double bolted % Eff. 

11670 8000 69 10000 86 

6670 ,5000 75 6000 90 

3830 4000 100 4500 100 

6330 4000 63 $000 79 

4670 4000 86 5000 100 

JOOO 2000 67 3000 100 

2000 2000 100 2000 100 

% Ef'f. Elastic limits 
plain bolted 

66 17670 9000 

75 11330 4000 

9160 3000 

100 6330 2000 

96 11670 8000 

100 6670 5000 

100 )830 4000 

90 6330 4000 

100 4670 4000 

3000 2000 

100 2000 2000 

load bolted to load plain. 

Ultimate 
plain bolted _;fo Eff. double- % 

bolted Eff. 

18900 19000 100 19000 100 

ll500 ll9·JO 100 11200 97 
6070 6800 100 7000 100 

12100 lllOO 92 10$00 87 

8400 8400 100 9000 100 

6300 5700 90 5000 79 

3740 3900 100 3560 95 

CURVED BEAMS 

Test #5 Test #6 
% Eff'. Ultimate loads % Eff. Elastic limits % Eff. U1 timate loads % Eff. 

plain bolted plain bolted plain bolted 

51 28000 18800 67 19000 11000 58 32800 20000 61 

35 16600 11800 71 12000 6000 5o 17000 14000 82 

33 11800 10300 87 10000 5000 5o 13000 11000 85 

32 8400 7500 89 7500 4000 53 9000 Booo 89 

69 18900 19000 100 11700 7000 60 22000 18000 82 

75 ll500 11900 100 7300 6000 82 1)800 12000 87 

100 6070 6800 100 4200 3500 83 7600 69000 91 

63 12100 11100 92 8000 4000 50 13500 12700 94 

86 8400 8400 100 5000 4000 80 9400 8900 95 

67 6300 5700 90 3500 3000 86 7300 5800 79 

100 3740 3900 100 2000 2000 100 4200 4000 95 

Test i/6 
Elastic limit 1Jltimate 

plain bolted fo Eff. double bolted % Eff. plain bolted % Eff. double bolted % Eff, 

11:700 7000 60 22000 18000 82 

7]00 6000 82 7000 96 13800 12000 87 10780 78 

4200 3500 83 4000 95 7600 6900 91 6930 91 

8000 4000 50 5ooo 62 13500 12700 94 14180 100 

5000 4000 80 4000 80 9400 8900 95 8720 93 

3500 3000 86 3500 100 7300 5800 79 5775 80 

2000 2000 100 2000 100 4200 4000 95 3320 79 

I TABLE 10 I , EFFICIENCY OF JOlL~TS 
.Bolted at 200 ft.-lb. bolt torque. 

I I I I I 



consistently higher values than the R and A, In the bolted specimens the 

advantage of the U type corrugation is no longer apparent, 

In Test 2 the joints were subjected to vertical thrust. In this test 

the criterion for evaluation was plate slippage. The data for Test 2 is 

given in Table 5 of the Appendix and the curves are shown in Figure 29. 

The U style corrugation shows a marked superiority in this particular 

test. It is obvious from Figure 30 A that there is no opportunity for 

slippage to take place in the joint, Instead the plate fails by buckling 

of the metal near the ends or near the seam, 

Of the two remaining styles of corrugation the Type R joint shows 

some superiority over the Type A joint in resistance to direct shear. 

The type of failure common to the lap joint when subject to direct shear 

is shovm in Figure 50 B and C. 

Double bolting was t.ried on the lap joints to see if such a method of 

fastening could be used to fully develop the plate metal strength, Table 

10 shows data relative to the performance of double bolted joints. There 

is approximately a 10 percent increase in efficiency at the elastic limit 

but there is no increase in efficiency apparent at the ultimate load. 

A Discussion of Join·t Action 

Test 2 was designed primarily to investigate the strength of the 

joints under direct thrust, When testing the lap type joint in which the 

bolt torque was 500 ft.-lb. there was a sudden slipping between the two 

plates at about 70,000 lb. This was probably due to the fact that all of 

the load up to the point of slippage was carried by friction between the 

plates. When friction no longer could carry the entire load there was 

sudden slipping and the bolts and bearing surfaces of the bolt holes 
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carried the load with a normal elastic action. 

When the bolts were tightened to 200 ft.-lb. torque the load in the 

joint was carried immediately by the bolt and the metal and there was no 

sudden deformation, The torque with which the bolts were tightened did 

not apparently affect the ultimate load which the joint carried in direct 

thrusto 

An analysis of Figures 31 and 32 of lap and butt joints acting in 

pure bending (Tests 5 and 6) show the following characteristics: First, 

in a lap joint the "B" row of bolts functioned in tension, The "B" row, 

shown in Figure 31, is the row farthest from the edge of the metal when 

one looks in the direc~ion of the load, Second, as the load increased, 

the outside row of bolts loosened, and the portion of load carried in 

tension by these bolts approached zero. Third, when the metal at the 

joint definitely failed, the tension on the inside row of bolts was also 

decreased and the corrugated plate itself began to fail rapidly, 

The analysis of the butt joint is somewhat different. Curve B of 

Figure 52' shows the tensile stress in the lower row of bolts in a butt 

joint. The stress increases rather uniformly as the load increases, 

Curve A shows the tensile stress in the upper row of bolts of the 

butt joint. As the load is increased the tensile stress due to tightening 

the bolts is decreased probably due to the fact that the two butt plates 

are moved toward each other, The load continues to decrease for several 

1000-lb, load increments and then increases, This increase probably 

begins when the butt joint begins to spread at the bottom and pivots 

about the upper edge of the butt plate. This stage is shown in the 

failed joint in Figure 52, except that the bolt does not usually fail. 
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Both upper and lower rows of bolts are here in tension and there is often 

excessive deformation in the butt plateo In very few instances were 

there bolt failures, but most joint failures seemed to have come from 

the failure of the butt-plate itselfo 

Since there is some difference in strength between a single-bolted 

lap joint and an unbolted specimen, it was felt that the strength of the 

joint could be increased by doubling the number of bolts in the jointo 

Figure 33 shows a double-bolted jointo 

The dashed curves on Figure 31 show the tensile bolt strains of the 

double-bolted specimenso Curve A shows that the A row of bolts decreases 

in tensile strain from an initial strain due to torque down to zeroo 

Practically the same action is taking place as occurs in the single­

bolted plateso 

There is much more variation in the "B" row of bolts subject to 

tensiono The dashed curve B shows these bolt strainso The strain increases 

only slightly beyond the initial strain introduced by tightening the bolts 

up to a point just beyond the elastic limit of the beamo Then the strain 

increases more rapidly for several thousand pounds and starts to decrease 

again when .the metal in the joint failso It will be noted that the 

strain curve for the bolts in the double-bolted joints varies considerably 

from the strain curve for the bolts in the single-bolted jointso 

At the elastic limit there is a tendency for the double-bolted joint 

to be more efficient than the single-bolted joint, but at the ultimate 

strength of the plates neither type of joint has a decided advantageo 

With this thought in mind it is very probable that there is no advantage 

in double-bolting a plate except in case of direct thrust,especially since 
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the decrease in bolt stress caused by double bolting is of no great value 

because the greater bolt stress in single-bolted joints is not detrimental 

to the jointo 

Bolt Strains 

On certain plates in Test 5, strain gages were cemented to the bolts 

used in the plate seams for the purpose of observing the strain pattern" 

These data are shown in Table lL Two graphs which portray the typical 

behavior of longitudinal bolt strains are shown in Figures 31 and 32o 

Figure 52 is the set of curves for the butt joint" The initial 

stresses are incurred in the tightening processo As the load is applied 

vertically downward some relief is seen in the upper row of boltso After 

the elastic limit of the metal was reached both rows increased in tension. 

Bolt strains in a lap joint are shown in Figure 51. For single 

bolting there was not much change in bolt tension for the first 5000--lb o 

load. Above that value the "A" row of bolts obtained rapid relief and 

the tension increased more rapidly in the "B" rowo 

Double bolting aided the strains in the "B" rowo Throughout the test 

the increase in strain in these bolts was very small for a double-bolted 

joint. The "A" row behaved in a manner similar to that shown for single 

bolting. 

Effect of Varying the Radius of Curvature 

Tests 5 and 6 differed only in the plate curvature. 'rhe plates for 

Test 5 were formed to a 150-in. radius of curvature while the samples 

used in Test 6 were curved to a 50-ino radiuso An inspection of Figures 

18, 19, 26, and 27 shows slightly higher ultimate values for Test 6 

than Test 5. This was to be expected because of the difference in the 

spano 
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TABLE 11 
TENSILE STRAINS IN BOLTS - TEST 5 

strain in mieroinohes per inch for indicated load in pounds on bolted beams 

Plate Row 
Iden~ Bolts Fig. 

31-32 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 

U 1 ga s 

U 10ga s 

U 12ga s 

R 1 ga D 

A 1040 lOOO 920 850 760 690 600 700 810 910 1020 1080 1.140 1<200 1250 1250 1220 1020 
B 1470 1430 1510 1500 1660 1780 1890 2080 2170 2210 2230 2260 2290 2320 2400 2550 2610 2760 

A 1180 1160 ll-30 11.20 1130 1180 1400 1540 1640 1740 2000 
B' 1050 1100 1170 1230 1270 1325 1470 1580 1640 1740 1810 

.A 1230 1290 1350 1430 1470 1530 1600 1695 1710 
B 1300 1290 1260 1160 1160 1180 1080 1120 750 

A 
B 

630 610 580 530 500 460 400 340 ~7d 200 140 80 30 0 
730 730 740 760 770 780 780 800 810 810 810 800 810 820 860 920 950 970 

I 

"' m R 1 ga s A 
B 

870 730 740 740 710 650 500 410 350 270 200 130 100 
760 830 820 820 810 800 880 1170 l350 1530 1600 1630 Fail 

50 10 0 

R 7 ga s 

A 1 ga D 

A 1 ga s 

A 7 ga s 

A 7 ga D 

A ·roga 

.A 
B 

.A 
B 

A 
B 

A 
B 

A 
B 

A 
B 

1563 1600 1543 1310 1135 948 700 588 420 235 198 98 
740 734 740 770 833 875 953 1081 1188 1323 1661 Fail 

668 622 555 445 350 230 47 63 52 95 100 70 
544 566 541 579 552 592 640 695 785 878 880 970 

?50 705 620 503 347 232 168 180 198 197 . 218 253 
845 822 859 815 838 885 895 1096 1255 1383 1658 2152 

554 561 576 555 576 545 524 340 189 108 34 
764 786 864 934 1044 1068 1151 1213 1419 1656 1812 

647 605 532 405 278 243 222 153 138 70 70 
750 795 855 865 910 970 1040 1105 1230 1335 1480 

720 650 516 405 296 180 
665 682 690 720 680 650 

0 

;· i 



There was some question, however, as to the relative magnitude of the 

fiber stresses at these different curvatures" Tables 5 and 4 list the 

fiber stress at the elastic limit and Tables 6 and 7 give the modulus of 

rupture at ultimate loado A direct comparison of average unit stresses 

at elastic limit for Test 5 with those of Test 6 produces no deviation 

that can be attributed to curvatureo Major discrepancies occur in the 

U 12 gage, A l gage, and A 12 gage with values from Test 5 exceeded by 

those of Test 6; and R l gage, OR 10 gage, and OA 12 gage where Test 5 

shows the larger valueso However, modulus of rupture figures are higl:)'er 

in Test 6 than in Test 5 for,all samples except OA 12 gageo 

Bolt Torque Tests 

Three sets of corrugated plates from each manufacturer were fastened 

together with the bolts supplied for that purposeo These were tightened 

with a torque wrench until failure occurred" The data presented in 

Table 12 shows that the high tensile bolts furnished with the A and R 

specimens withstood about 700 fto-lbo torque while the standard bolts 

supplied for the U styles failed at a lower valueo In either case, 

however, the 200 fto-lbo torque value used for fastening the seamed 

specimens throughout this test was well within the working limits of 

the bolt metaL 

TABLE 12 

UL'riMATE BOLT TORQUE Ili FOOTe. POUNDS 
Style l gao 7 gao 12 gao Average 

Test 1 Test 2 Test 1 Test 2 Test l Test 2 

A 680 720 710 750 720 720 715 

R 720 750 750 690 680 710 715 

u 605 580 590 575 580 620 5,92 
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SUMMARY OF PRINCIPAL CONCLUSIONS 

l, Culverts may be designed on the basis of section modulus for 

1-1/2-, l-3/4-, and 2-in, depths for circular arc type corrugation and 

2-in, depth for the box type, 

2, There is some indication that the effectiveness of l-5/4- and 

2-in, depth corrugations begins to fall off when a thiclmess of metal is 

decreased to 12 gage, 

5. The: standard lap joint detail is not quite able to develop the 

strength of the metal at ultimate stresses and the joint lowers substan-

tially the effective elastic limit, Double bolting tends to bring the 

effective elastic limit back to normal but it has little or no effect 

on the ultimate strength in bending, The tests indicate that double 

bolting increases the stress of the joint in thrust, 

4. The butt joint used developed the box-type corrugation in 

thrust but not in bending, 

5, Even when bolt nuts are set up with a torque wrench to a given 

torque, the tension in the shanks varies greatly from joint to joint, 

The torque adopted in the tests for tightening the nuts (200 ft,-lb ,) 

appears to be a good one to use in practice, 

6, Plate curvature had little effect on magnitude of extreme 

fiber stress, 

Errata, p, 50, Michigan Engineering Experiment Station Bulletin 109 

Conclusion 1 should read: 

"When using 1-3/4 and 2-in, circular arc type and 2-in, ~ox type corrugations in the 
design of culverts, experience with the old type 1-1/2 1n, depth material may be 
used by assuming that corrugations having the same section modulus will give the 
same strength against bending," 

Also, in Conclusion 2, delete "1-J/4 and 2-in, depth" and replace by "all", 



DETAILED ANALYSIS OF CONCLUSIONS 

1. Design by Use of Section Modulus - In order to state that corru-

gated metal structures may be designed on the basis of the section modulus, 

one must show that if fi.gured by the use of the section modulus the 

resulting stres~es correspond fairly well with those obtained in the tests. 

A study was made of Table 2 showing strain gage readings on three· specimens, 

viz. one 1-3/4-in. depth specimen, one 2-in. specimen, and one 2·-in. box 

section. If the published section moduli are used the extreme fiber stresses 

may be computed. 

These may be compared wi.th the stresses computed from the observed 

strains. At approximately the elastic limit the following stresses were 

computed using the published section moduli: 

l-5/4-in. corrugation tension face 58,250 psi 
2-in. corrugation tension face 55,570 psi 
2-in. corrugation compression 11 57,850 psi 
box corrugation tension face 44,750 psi 

If these stresses are computed from the observed strai.ns assuming 

a coefficient of elasticity of 29,000,000 we have: 

1-5/4-in. corrugation tension face 57,800 psi 
2-in, corrugation tension face 45,850 psi 
2-in. corruga tioi) compression " 47' 700 psi 
box corrugation tension face 45,000 psi 

Thus the two methods of obtaining· the stress compare quite favorably. 

A more indirect test of the validity: of the section modulus may be had by 

using it to compute the ultimate stresses from Tables 10, 11, and 15, 

Appendix. Table 10, Appendix covers fifteen tests of seamless specimens 

in pure bending. Computing the moduli of rupture by use of the section 

moduli we obtain an average value of 60,100 psi with a maximum of 74,600 

psi and a minimum of 59,900 psi. For the corresponding values in Table 11, 
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Appendix, covering tests of bolted specimens we have: 

Average modulus of rupture 54,600 psi 
maximum 72, 200 psi 
minimum 41,500 psi 

For Table 15, Appendix, the values are~ 

Seamless average 
max::!. mum 
minimum 

64,000 psi 
82,600 psi 
44,200 psi 

All these figures tend to show that the published values of section 

moduli give reasonable stress values. If now these tests are grouped 

according to the type of corrugation we have for the moduli of rupture: 

l-l/2-in. corrugation 69,200 psi 
l-3/4-in. corrugation 54,500 psi 
2-in. corrugation 72,500 psi 
box type corrugation 63,000 psi 

These values are averages for all bent column and pure bending 

teets on seamless specimens. 

2. Gage Efficienqy with l-5/4- and 2-in. Depth of Corrugation 

The following table gives the average ultimate strength or modulus 

of rupture obtained from all available seamless and single bolted tests on 

the circular arc type sections under pure bending and combined bending 

and direc~ stress: 

Gage DeQth of Corrugation Average Ultimate Stress 

l l-5/4 56,400 psi 
2 75,900 psi 

Aver. 66,200 psi 
7 l-5/4 61,000 psi 

2 71,000 psi 
Aver. 66,000 psi 

10 l-5/4 52,100 psi 
2 71,600 psi 

Aver. 61,900 psi 
12 l-3/4 41,600 psi 

2 66,100 psi 
Aver. 55,800 psi 
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From the above table it is seen that the average ultimate stress for 

circular arc type corrugations of 1, 7, and 10 gage lies above 60,000 psi, 

whereas the average ultimate stress for 12 gage is 53,800 psL It may be 

that under ultimate stress the thin gage metal deforms to such an extent 

that the section modulus is not entirely effective. 

For the box section we have: 

Gage Average Ultimate Stress 

1 62,200 
7 54,200 

10 52~100 
12 52,000 

Here the falling off of efficiency for 12 gage is less than that for 
i 

the circular arc types although the same tendency is evident" 

3" Efficiency of Lap Joints - The tests for bolted and seamless 

straight columns are not comparable because the former specimens were only 

24 in" long whereas the latter were 52--5/4 ino long" In the other tests 

the ultimate strengths could be compared beCB;US.e the specimens were other-

wise identical" The average ultimate stresses were as Tollows: 

Seamless Bolted 

150-in. radius column test (see Table 7, Appendik) 
75,700 65,400 

50-in" radius column test (see Table 9, Appendix) 
59,900 58,500 

150-ino radius pure bending test (see Tables 10 and 11, Appendix) 
60,100 54,600 

50-in" radius pure bending test (see Table 15, Appendix) 
614,000 54,000 

The "efficiency" percentages given in Table 10 show the lap joints 

in a somewhat more favorable light than the ultimate loads given aboveo 

If the percentages given in this table for lap joints are averaged for 

each depth of corrugation and each test number and these averages 
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averaged we obtain: 

For ultimate loads 
For elastic limit 

97% efficiency 
79% efficiency 

In other words the standard lap joint nearly develops the ultimate 

strength of the corrugated metal but slippages and yielding take place 

which mal<es the elastic limit appear considerably lower" 

The lower part of Table 10 shows that for pure bending the use of 

double bolting increases the lowered elastic limit about 20 percent but it 

lowers the efficiency at ultimate load for pure bending by about 2 percent. 

One very marked effect of double bolting is the reduction in tensLm bolt 

stress (See Figure 51). For pure compression (the straight column test) 

'rable 5 shows an increase in the average ultimate stress due to double 

bolting from 51,600 psi to 56,200 psi or 14 percent.. Attention should be 

called to the fact that the columns had an unsupported length of only 

24 in. 

4. Efficiency of Butt Joints - Table 10 shows an average efficiency 

of the butt joint of about 75 percent at ultimate loads and about 45 per-

cent at the elastic limits in bending. Under pure compression (straight 

column tests) Tables 4 and 5, Appendix, show that the butt jointed 

column is stronger than the seamless colu~l. Thus, under pure compression 

the butt joint developed the full strength of the section. 

5. Bolt Torque -· Table ll gives the bolt strains for eleven test 

specimens under various loads up to 19,000 lb. All bolts were tightened 

with a torque wrench to 200 ft.-lb., yet the recorded bolt strains vary 

all the way from 544 to 1,565. Assuming the modulus of elasticity as 

29,000,000, the stress varied from 15,770 to 45,400 psi. The stress in 

some bolts, therefore, must have been three times that in others. The. cause 
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of this may be due to the variation in the coefficient of friction between 

nut and plate and between nut and bolt shank, at the time the nuts were 

tightened. 

1'able 12 shows the ultimate bolt torque on the three types of 

bolts used. The lowest value recorded was 680 ft,-lb. and the highest 

750 ft.-lb. Thus, the torque adopted for the tests (200 ft.-lb.) is 

about 2/7 the ultimate and appears to be a reasonable one to use in practice. 
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Tangent 

Gago 
Thiokn01111 Length Aoglo 

' L ' in incb011 in inches in deg:reeo 

1 .2813 lo7265 71°30' 
7 -1793 l-7999 71°30' 

10 ol345 1.8322 71°30 1 

12 .1046 1.8537 71°30 1 

Tangent 
Thiok:neee Lenf':tll 

Angle 

a.,. ' L • 
in inohee in inoheo in deg:reea 

1 ,2690 0.785 49°46 1 

7 ol'(93 o,g68 47°37 1 

10 .1.)45 1.050 46°37' 
12 .1046 1.103 46°19 1 

1 .2690 2.11 32°46 1 

3 .2391 2o1) )2°37' 
7 o1793 2ol7 32021 I 

10 .1]45 2.20 )20101 
12 ,1046 2.22 32°02 1 

Thiok:ne11s 
Tangent 
Len~;th 

Angle 

""" ' L ' in inohes in inohee in dogroea 

1 .2744 1o70J7 43°56' 
7 .1829 1.8080 44°5o' 

10 .1)?2 1.8577 45°14.5' 

" .1o67 1.89025 45°31' 

1 .2690 1o92156 56°06' 
3 .2)91 1.94490 56°15' 
7 o179J 1.98960 56°)2 1 

10 .1)45 2.02370 56°45' 
12 ol046 2.04542 56°53' 

111oment 
of 

Ine:rtia 
I 

in.4/in. 

Oo2773 
0-1768 
OolJ27 
0.1034 

!.,oment 
of 

Inert.i.t~ 

I 4 
inohes 

0,1288 
0.0841 
0.06)0 
0.0483 

0.0768 
o.o681 
0.0508 
0.0382 
Oo0297 

hioruent 
of_ 

In•n·ti" 
I 

in, 4j in. 

.16408 

.10741 
o07976 
.06166 

.oBo:S9 

.07104 

.05236 

.0)884 

.0)001 

Section I TYPE u ~ I 
Modulus A 

inJ/in. \ 
...,. / 

' 
0.2431 ~125k 0.1623 
0.1244 
o.og83 _, 

• 
"' A ~'--- ~d ' Typ<!! U Only •' \ in inohea 

.125"-..;: ;:J ,, ' ·rT ' 
lo948) l 
2.0217 
2.0540 6" PITCH 2.0755 

section T" THICKNESS 
i.!odulu.o 

3 s 
in. / in, 

0.1280 
o.o865 
o.o66o 
Oo0520 

3" 

1---------G"o PITCHI---------j 

o.o868 
Oo0784 
o.o606 
0.0467 
0.0)71 

Seat ion 
.!.lodulUlJ 

3' in. I in, 

-:-14.50 
_.0984 
o0746 
.o5B5 

.09123 

.08170 

.062)6 

.04752 

.0)740 

z 

TABLE 1 APPENDIX 
MANUFACTURERS DATA DN SPECIMENS 
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APPENDIX 
TABLE 2 

CHEMICAL ANALYSIS AND BRINELL HARDNESS* 

Rock- Brine11 
Specimen well B. Hardness c Mn s p Si Cii Mo. 

U5ZlP B56 90 .080 ,500 .058 .016 .27 
U5ZlS B59 95 ,080 .500 .058 .016 .27 
U6ZlP B66 104 .090 .590 .042 ,015 .25 
U6ZlS B67 105 ,090 .590 .042 .015 .25 
U5Z7P B65 105 .019 .028 .026 .006 .004 
U5Z7S B59 95 .019 .028 .026 .006 .004 
U6Z7S B64 101 ,019 .028 .026 .006 .004 
U5ZlOS B60 95 .019 .028 .026 .006 .004 
U6ZlOP B60 95 ,019 .028 .026 .006 .004 
U6ZlOS B65 105 .019 .028 .026 .006 .004 

R5XlP B68 107 .05 ,13 .050 .014 .45 .07 
R5XlS B64 101 ,04 .11 .054 .010 .49 .08 
R6ZlP B68 107 ,05 .15 .050 .014 .45 .07 
R5ZlS B69 109 .04 .11 ,034 .010 .49 .08 
R5X7P B73 116 .04 .15 ,026 .011 ,44 .08 
R5Z7S B75 116 .04 .11 .035 .010 .48 .08 
R6X7P B70 110 .04 .15 .026 .011 .44 .08 
R6Y7S B72 114 ,04 ,11 ,035 .010 .48 .08 
R5XlOP B72 114 ,05 .15 .025 .010 .54 .09 
R5ZlOP B77 124 .05 .15 .025 .010 .54 .09 
R5Xl2P B75 115 .05 .16 .050 .010 .44 .05 
R5Zl2S B71 112 .05 ,16 .030 .010 .44 .05 
R6Xl2P B75 121 .05 ,16 .050 .010 .44 .05 
OR5XlOP B7l 112 No Data 

A6ZlS B56 90 
A2Y7S B67 105 Typical limits - No specific data 
A5X7P B60 95 for this group 
A5XlOS B72 114 
A5ZlOS B72 114 
A5Zl2S B68 107 .02 .01-.02 ,Olp- .003- .04-

.022 .007 .05 
A6Xl2P B58 92 
A6Zl2S B67 105 
OA5Yl2P B67 105 
OA5Yl2S B63 99 

Typical analysis Bolts 
Type U Bolts ,18- ,50- .05 max, .04 max, 

,25 .60 
Type R Bolts ;258 .59 ,66 ,035 ,019 .25 

Type A Bolts 269 ,46 .80 .045 .010 

-*Note: Chemical Analysis data furnished by Manufacturers. 
Brinell hardness of plates performed by laboratory using 500 kg. load 

and 10 mm. ball. Bolt hardness values furnished by fabricator. 
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Specimen 
No. 

U5ZlP 
U5ZlS 
U6ZlP 
U6ZlS 
U5Z7P 
U5Z7S 
U5ZlOS 
U6ZlOS 

Ave. 

R5XlS 
R5ZlS 
R5Z7S 
R6X7P 
R5ZlOP 
R5Zl2S 
R6Xl2P 
OR5XlOP 

Ave. of 
new plates 

A6ZlS 
A2X7S 
A5X7P 
A5XlOS 
A5Zl2S 
A6Xl2P 
OA5Yl2P 
OA5Yl2S 

Ave. of 
new plates 

APPENDIX 
TABLE 5 A 

PHYSICAL TESTS ON PLATE SPECIMENS 
(by Bureau of Public Roads) 

Yield 
Strength Ultimate 

Offset Strength 
.05 ercent 

Po Soiu PoSoi<> 

50,444 49,427 
29,158 48,020 
52,574 50,000 
29,675 50,397 
39,781 48,798 
45,255 51,594 
58,784 52,026 
45,155 56,548 

55,828 50,801 

51,849 48,288 
54,550 49,578 
44,757 52,053 
42,857 54,416 
41,250 50' 764 
45,455 52,196 
44,007 52,862 
59,867 49,600 

40,669 51,422 

20,450 41,219 
51,580 46,185 
55,196 45,296 
58,923 48,154 
24,779 41,681 
24,091 41,182 
46,225 55,257 
45,365 51,150. 

29,155 45,619 

~---

- 76 -

~----·-·· 

Modulus 
of 

Elasticity 

X 105 

50,595 
29,725 
29,247 
29,061 
30,642 
50,265 
52,069 
32,241 

50,455 

28,804 
29,785 
29,497 
28,529 
50,119 
28,653 
29,481 
28' 525 

29,264 

29,885 
50,676 
29,707 
29,945 
28,471 
27,049 
51,557 
51,907 

29,289 



Specimen 
Noo 

U5ZlP 
U5ZlS 
U6ZlP 
U6ZlS 
U5/\7P 
U5Z7S 
U5ZlOS 
U6ZlOS 

Ave, 

R5XlS 
R5ZlS 
R5Z7S 
R6X7P 
R5ZlOP 
R5Zl2S 
R6Xl2P 
OR5XlOP 

Aveo of 
new plates 

A6ZlS 
A2X7S 
A5X7P 
A5XlOS 
A5Xl2S 
A6Xl2P 
OA5Yl2P 
OA5Yl2S 

Ave, of 
nevv plates 

Yield 
Strength 
Offset 

.APPENDIX 
TABLE 5 B 

ADDITIONAL PHYSICAL TESTS ON PLATES AND BOLTS 
(by Bureau of Public Roads) 

Tension Tests Rockwell Hardness Tests 
Reduction Elongation Small Tension Specimens 

in Squares After Tests 
olO percent Area, Tested by Grip Reduced 
P,soio Percent Percent Mi,£]oigan End §ection 

51,519 67 55 B58 B58 B79 
50,454 68 57 B59 B55 B79 
53,455 70 24 B56 B65 B77 
51,769 72 52 B65 B66 B82 
40,528 57 18 B60 B65 B74 
42,140 51 25 B62 B64 B74 
40,576 48 18 B64 B66 B78 
46,220 46 16 B65 B66 B78 

57,052 

55,219 68 55 B55 B55 B74 
54,876 69 52 B60 B65 B78 
45,055 65 22 B64 B70 B77 
44,495 62 21 B65 B68 B74 
45,472 65 28 B72 B7l B8l 

56 26 B74 B69 BSO 
44,544 59 18 B65 B7l B74 
40,800 58 25 B69 B65 B74 

40,945 

20,'789 67 41 B48 B5l B7l 
55,817 58 25 B59 B56 B64 
55,507 65 51 B65 B56 B66 
58,769 54 26 B60 B59 B74 
25,155 64 58 B40 B41 B7l 
24,275 62 55 B58 B45 B70 
46,585 45 16 B67 B68 B72 
45,717 45 18 B67 B64 B70 

29,6~1 
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Identification 
No. 

U5ZlP 
U6ZlP 
U5Z7P 
U5Z10S 
R5XlS 
R5Z7S 
R5Z12S 
A5XlOS 
A6Xl2P 
OA5Yl2P 
OA5Yl2S 

U - White (1) 
R - Yellow (1) 
A - Green (1) 

Company 
Submitting 
Specim~ns 

United 

Republic 

Armco 

APPENDIX 
TABLE 5 C 

CH~~ICAL TESTS ON PLATES AND BOLTS 
(by Bureau of Public Roads) 

Chemical Analysis. Percent by weight 
c s Mn p Si Cu : Mo 

PLATES 

.08 .055 .26 .012 .001 o24 
,08 .055 .25 o015 o005 o25 
o05 .025 o024 o004 .001 ,00 
o02 .051 o055 o005 o001 oOO 
o05 .012 ol2 o004 .001 o50 o08 
o04 .016 ,10 o002 .002 o46 .07 
.04 .018 ol2 o007 o002 .52 .07 
o02 o0l9 .015 .017 .001 .05 
.02 o019 o017 o006 oOOl oOr; 
o02 ,050 .044 o004 .000 oll 
.02 o055 .042 .005 o002 .12 

BOLTS 
.16 .027 .55 .008 .002 .09 
.42 .056 • 75 o019 .004 .05 
.42 .025 .71 .on .005 o01 

TABLE 5 D 

P!ITSICAL TESTS ON BOLTS 

Stress Tension Rockwell Hardness 
Po S oi. 

Ave. of 7 Ave. of 2 
80,057 B62 

157,557 B100 

129,779 B96 
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·.! 

llotol 

Load ln 
~houoand 
?oundo 

Thousa 
Pounds 

0 

' 
' 5 

' ' '" " ,, 
'" ,, 
'" " '" ,, 
'" 55 
6o 
65 

" " "" ,, 
'" " >OO 

'"' "' ll5 
m 

"' 
Lo~~ J:n 
Thouonn~ 
Poundo 

' ' ' ' 6 

' w 

" " '" ,, 
'" " '" ,, 
5o 
!; 
65 

" 75 

'" "' '" 95 
>oo 

"' no 
U$ 

"" 

Verlio11l O..f1eGt!onn ('rhouo,_mitho hlohoo) 

0 ' 
1 a• 7 llo 12~a, 1°11• ?gao 12 Oo 1 O• 1 a, 12~a. 

~0 42 49 
62- 56 85 
?8 66 108 
9? 87 1]8 

113 98 186 
126 107 275 
1)6 120 0!60 
152 133 
168 150 
190 19? 
222 26o 

<"107 1!'110 

51 74 
65 96 
71 lll 
8B 1~4 
98 135 

10? l>i4 
117 155 
125 164 
134 172 
lU 178 
158 190 
171 218 
19) 2$8 
225 @150 

rY170 

" " 73 

" m 

'" <MO 

39 51 
54 68 
65 8) 
74 95 
82 107 
91 115 
99 124 

104 133 
lll 141 
118 148 
129 164 
140 178 
150 195 
159 211 
169 2)0 
176 \1190 

"' "" 1<250 

SIIiGLll BOLTED 
200 }b. :!'t. Oolt tOl"quo 

TYPE ~ TIPSR -~ 

1ao7ga, 

Noh< 

' ' ' ' 19 2.1 
4.S" 100 
65 196 
8-1 )62 

110 550 
136 780 
l'IO '" no 

'" '" '" ''" JB5 
(<1@ 

1 2 2 

' ' ' ' ' ' 3 2 18 
4 4 30 
5 16 56 
8 54 77 

19 76 101 
38 97 129 
46 111 1"/6 
55 130 257 
64 145 41.5" 
79 173 500 
8( 202 <<1130 

109 2JO 
118 271 
166 431 
229 718 
289 lH95 

'" '" ©250 

Ths f"inal arrtry in eaoh oolwnn 

io tho ultl1n0y load in thousand poun~•· 

'" "0 uno 

APPENDIX 

~A 'rPEH 
l,.;o.?o.l2a. 1 go, 7 E"• 12 •· 1 ga 7 ga, 12 ~a. 1 a. 7 o.. 12 o., 

59114131726 O!ll8 2 
76132 }635 56 6135 7 
86148 5344%7 > 6113 

1o1 166 07 78 161 11 n 87 19 
112 lilo 117 124 3.'>2 20 18 l!)o 25 
121 194 146 140 580 2) 22 460 29 
131 209 177 165 18So 29 29 MO 35 
139 221 220 224 JO A5 40 
146 232 280 290 34 42 •46 
155 246 30"/ 355 36 5o 51 
170 303 390 480 4~ 70 63 
183 @120 @107 @110 52 100 76 

- B • • 2~0 105 <'H50 108 
255 @170 1)2 

''19·~~"~ "T::•:•:c~E~~·~'L ~----·----'------~-',~ 

' 9 

" ,, 
" 37 

" " " " n • "' MO 

"' ®190 

fiP~ U 
lao7aol2go, 

0 
0 

' n 

" " " " " " ,, 
" " "' "' "' '"' no 

~60 

0 
0 
0 

' n 

" " " '" " " ll 
"' >"5 

®190 

" " 0 
0 

' w 

" " " ,, 
'"" ~120 

I PL!ll> D!!Fl..BCTlO!lS Dlffi TO COLUI.!ll LOADr!!S - TEST #1 
Loa~ and deflection va1~eo beyond ultimate 

l'E 0.1 

12 ga. 3 ;;c. 

129 5 4J 

168 77 J.87 

'"' ).GO Q104 
197 14) 
230 148 

lC140 Z09 
265 

"' @180 

?lain Sf!<'obeno - No cur .... t!.U"~ 

30'J lb. j"j;, torque 

'. ~ R 

100 lb. ft. tor uo 
~ 

PD1illLE EOLT~D 
200 lb. rt. t;or0 uo 

< A .;: 

12 ga. 7 ~;~. 12 ~n. l g~. 1 ga. 

10 1 2 6 
31 2}9 31 
60 7 5 20 
91)76}2 66 

147 77 26 4} )4 61 
240 n4 lo3 61 115 
439 2~1 124 152 
600 271 13? 180 201 6 
r;,"(7 283 1,2 212 

295 165 251 111 409 99 25 
305 18) 328 533 
316 20? 462 144 <tl!l'; 41 
325 235 C4120 138 
:J44 273 234 70 
}62 319 297 148 

@l$0 '2150 385 106 
i:il60 136 

245 <ll18o 

• TABLE 5 \ OJ200 

-~ SLI.PJ'AOE Ill BOLTED SEAMS - !E~T )2 

Avero..r;a VO>"ti~o1 J.!onment (Tho '""n~tho Inehoo) 

BOLTED SPEUJ)I~IW 

' ' ' 
' ' ' ' ' ' 5 

' ' w 

" " " " " '' 1>240 

'rYI'E U fiPE A TYPE OR TYPE QA TYPE II 
'~' TYPE A T"tl'~ OR T"tl'F: OA 

1 • 7 • 12 •• 

0 0 

"' 162 20?. 

107 107 122 

1 &• 1 ga. 12 ,.;a. 1 g0, 7 a. 12 ga, 

0 ' 0 
76 

,.~ '·p 

78 93 117 

"" 110 120 167 

"' 1)9 145 243 
167 170 )14 
195 200 <H6. 7 
223 22Z 
255 250 

0 0 
H.S 

110 162 
123 182 

'"' 156 241 
175 278 
195 ]20 
230 429 
2fl4 "' 15 
)60 

'"' <11:<;".5 

l go. 7 6"• 12 ga. 

"' 
"' '" '" "' m 

"0 

1 ga, 7 ga, 12 ·a, la.7a•l2a, 

" 0 ,, 
Bo 88 

125 
115 145 

l,s,; 
140 1~5 
1?5 242 
205 017.1 

"'' "' 

1 n. lO gn. 7 ... 12 •• 

' 0 

'"' "' 145 159 
>'5 

"' 22~ 294 
375 

300 582 
}30 lllJ.fl 
4% 

'" "· 21·5 

209 246 

243 2?6 
266 }o6 
295 329 
319 360 
346 39? 
369 571 

1)4 lJl 15) 
161 165 185 
lfl8 198 235 
211 228 342 
2J5 260 <! 28 
260 310 )02 "l/5 @ 30 "' 5n 

0,\)4.8 
432 374 

"' 45 "44.6 '" 421 1>1 40 
284 469 
308 Ol48.6 ~40.8 

'" "' '" "' 5o. '" '" "" •5' 
" ?0 5" 

"19·7 

Noto1. {ho 1"lnel &rrtry h eoo~ oolUlllil ia the u1tlite 1o .. ~ inl thouoa~d pound•• 

PLilil1 SPSGH!EilS 

TYP~ U 

lao7aol2ao 

n 

" ,, 
" " "' m 

>50 
>55 

"" no 

"" '"" no 
no 

" 35 

"' no 

''" "" 

TYPE A TYPE OR TYPE 0A 

1 a. 7 ao 12 a. ·1 •• 7 ga, 12 ga. 

"5 

"' "' ''" '" 
''" 

0 

" "' 
'" "' "' "' '" "' 

TYPE II 

l ga. 7 ga. 12 ga. 

" " H6 

"" '"' '" '" "5 

"" '" 1083 
•65 

0 ' 

58 78 
104 167 
161 310 
2)9 638 
369 }!31 
901 -~30·8 

"'40.8 

I TABLE 6 l 
~ICAL lJE!ILJ>CTiOllS FI!OJ.! rEST /}3 - 1!>0" RADIUS COLIJ).\liSl 

Derleotiono (Thouoo.ndth~ Inohea) 

TYl'E I! 

1 gllo 1 ga, 12 go. 

0 0 

40 5o 

"5 

"' "0 
"' 1039 

®28,2 

TABLE 7 I 

l!OLTSD Sl'ECI!.\Bl!S 

>=• 
l g~. 7 go., 12 ga, 

" 0 " " " 40 25 HM 

"' 84 221 

"" 135 68} 
222 ®17ol 

''" 500 

"' §)4,8 

'l'YI'E 0.1 

l ga, 10 ga, 

0 0 

"' "" 
''" "0 
'77 

"' 1)70 

~' 

"" '"' '" "' '" 1139 
@ 16 

tYPE O!L 

7 ga, 12 ga. 

'" "' 290 622 
ooo 

430 1518 
,81 @13.8 
705 

11}9 
1<2?-5 

~ l!QI!IZONl'AL JliiFI.BCTIOm! Fl!O!.! TEST #3 - 150~ RADI!IS COL\Il!J!S I 
I Defhotlona (ThoUI!Il.Ildt;ho !~oheo) 

l I I '"' "" "'' .!!123 

llote1 Tho firu!.l entry in eo.~h Mlumn 1a tM ultimll.to lend in thouo""~ poundo. Load ""'1 ~efJ.ectlon values boyon~ ultim~to lood are sbmm on iood-defledion curves. 
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APPENDIX 

~" SINOLl! aor.un 00\lllLl! BOLtED 

Load in ·=· ~· ·=· 'fYPE lJ ~· =u TYPER TYPE A. 
thouaaJ><\ 
Pound, l gao 7 gao 10 g<h 12 ~<>o 1 ga• 7 go., 10 go.. 12 g~.r lgo.o7ga.l0g~l.2go., lg~o7~o.olOg•ol2K•• l gao 7 gao 12 ga, lgao7r;aol2gll.o 1 go.o 7 gao 12 gAo l go.. 1 &"-• lo-g ... 12 go. 

' ' ' 0 0 0 0 0 0 ' ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ' ' 0 

' 6 • 0 ' ' 3 3 6 3 ' 3 "' ' 6 6 ' ' ' " 6 n • ' " '" " 0 ,, n 

' ' ,., ' 6 3 ' l 1 ,., ' ' '" 3 18.5 " " ' n JO '" " « " 
,, ,; " ' " "' 3 ' ' ' 

,, 
' " 

,, 10.5 6 " 1014 ' 28.5 " " 1 " 90 " " "' " " " " 
,, 

"' 1295 

' ' ,'loS: ·' '" ' " " " " " 13 Z358 ' 47-5 " 
,, 

" " >86 " ns G)o9 !~ " "' '" 
,, 268 ~ 3·5 

' ' '·' ' " ' " " •oo " " 263 €lJo74 ,, 60 " " " " "' " '"' " )>6 >oo " 1133 
6 ' ~· 6 H6 6 " " "" M "" "' '" '" " '"' ~ H) ''" '" "" " " ''" "' '"' <;.o 
1 ' ' " '"' " m 169 0:\o07 " )>O ... , 33 '"' "" '" "' "' <6.8 "" "' " "' 1823 ,,, "' " ' '·' ,, 

"" " "' '" "' 1075 ,, ,., 
~· "'"' " 150 6>7 •605 13 227 .:q,o '" 9M 

9 ' '"' " ""·' '" '" 1031 '" ""·' " "' 1197 "" ''" 1Q!>2 fillo4 " "" 964 "2138 

'" 6 " '" " 900 1!.'9·75 1192 >OO 2129 '"' '" "'' """ H6 1137 692 ~.0 
H 9 "" « 7M3 ~682 "' 3090 BJ.Oo) '" 1419 '"'' 150 2171 G10o$ 

" " 60 811.8 64 l!lllo5 4589 '"' 4872 '"' 2135 llol 186 ~11.2 

" " " " "·' 262 @11,8 367 flllo9 '" " 
,, 

"' "' )66 ''" "" ,, 
" 6>0 >87 '" "' '"' " M ''" '" 685 1033 '>O 

" 64 ~16.6 1M >'96 1750 "" '" 19 ''"' 2377 '"' 2276 

" '" >6M !l\18.8 3671 331a 

" m @18.9 1'119.0 1!19.0 

" "' " >"6 
I 12 1 " '" TABLE 

" '" ,, 
'" " "'' " "" Fo:r.,..nont Doformo.tion ( Thm1§!llldth lnohu) 

" 2ll2 .,, 
n RESI!ll!,U. VERTICAL DW!llCTIO!lS lo'ROI.! TEST 115 _ 150. R.!.l.llUll ERAJ.!S 

1 lloto1 711e final mtey in ouh oolumn 1o tho ulti .... to ina~ in thousand pounde • 

Loo.d in 
'fhouoand 

"'~" 
0 

' '·' '"' '·' )oO ,., 
'"' '·' '·' 6 
1 

" 9 

" n 

" " " ,, 
" " '" " " " " " " ,, 
" " " 

Lon~ in 
Thouoand 
Pound, 1 go.. 

52.42 

' ·" ,., 
' ·" '·' 3 ·" ,., 
' "" ,., 
5 ·" 6 ·'' 1 ·" ' ·" 9 .;n 
w ·" u ·" " ·" " ·" " "" ,, ·"' " ·" " 5Jo02 

'" 53·31 

" !;t18.6 

'" 

I I I 

TYPE U 

"" "" "" '"" , .. 
52.32 52,25 52·04 52.26 52.5'6 ... ·" 52·12~ .)6 ·'" ., ., .. , o<\l ·" 

.)6 .,. ·" ·" ·" 
·" .)5 ·'' .,. ·" 
·39 .)6 ·'' ·'' ·" ·'" ·31 ·" ·'' ·" ·" ·39 ·" ·" ·" "" ·'" ., ·'' ·" .M ·" ., I') 8.4 ·" ·'' ·" ·" ·" ·" ·" ·'" ·10 

·" ·" g!l.8 ·10 
·'1 ·'' ., 
·'' "" "" ·'" ·'" ., 
·'" ·10 ·'" ·" Oll6o6 ·" ·" •93 
.;o 53.09 
o51 @111.9 

·'' ·'' ·" ... 
·" ·" ·" 52o8} 

~· 

SillGLE BOLtED 

TYPE U "'~' 7 ga. 10 ga. 12 ga, l gn. 7 ga. 12 ga. 

52-32 52.17 52.16 51o94 52.12 52.12 

"" ·" ·" ·" ·" ·'' 
.)6 ·30 "" ·99 ·'' ·" 
·" ., ·•1 52.00 ·'" ·" 
·" "" "" ·" ·'" ·'" . ., ·31 ·'' .o) ·" . , 
·'" ·'' ·" .os: ·'' ·" ·'' ·" ·" -~ ., "'"' ·" ·" "'"' .u ., 
·" ·"' ·" ., 
.9) S:J.o6 ·'1 ·'' 5Joll@ lOoJ ·'" ·'' @11.8 ·'' ®llo9 

·30 
,. 1 

·~· 
TYPE OR TYl'S A 

'"" 
52.3) 

o31 

·" 
·" 
"" 
·" ·'" ._~0 
.55 

·" ·10 
.86 

®U.S 

1 ga. 

$2.27 
.~ 

.)0 

·" 
·'' 
·" ·" ·'" ·'' ·'" ·" ·1' 

!;lll.l 

0 gao '"" , .. 0 ga. , .. 7 gn, 10 gn, 12 go.. 

52.}1 52o36 52.0] 52.13 52.21 52o44 52.25 52.27 

·'' ·" ·"' ·" ·" ·" ., ·" ·'' ·" ·" ·09 o)O ., .;o ., ·" ., 
·39 ·" "" ·" ·33 .,, ., ·" ·31 .n 
·" .;o ·" ·39 ... ·" ·" l/l }o74 

·" ·" ·" ., ·'' ·" ·" ·'' ·'1 .8) ., ·" ·" ·'" ·" "" G 6,07 ·31 @ 6,] ·'" ·" @ 6.3 

·" .6) "" ... 
·" 0 "·' . ., @ 8,4 

I! 9·15 ·" ., 
·" 002,1 

• TABLE 13 I 
HOIUZOIITAJ., DISPLAGEMEliX FllOll l!IS~ #5 - 150" RJ\DI11S !'LAIN BRAllil I 

Chor<t L<>"o"th (lnohea) 

OOUBLE BOL'!ED 

"'~' TYPI! UR "'~~ TYPER 

7 ga, 10 ga, 12 ga, 1 go.. 10 ga, 12 ga, 1 gn. 7 go.. 12 ga. l ga. 

52.39 52.25 52,)6 51.63 51.87 51.67 

·" ., ·" .66 ·" 52.11 

·" 52.00 

"" •33 ... ·" ·"' ·" .)6 .n .,, ·" ·" ·" ·" ·" 

51.61 52.20 52.o6 5lo94 

·" ., ·" ., 
H9 

·" ·'' ·'" 52.00 

·" ·" ·" ·'' .oo 

·" ®)o9 ·'" ·31 ·'" ·'" ·" ., ·'' @3,8 ·10 ., ~·32 ·"' ·'" "" ·" ., ... ·" ·51 fl5o7 ·"' .,., 
·" 52.00 

·33 ., ., •31 ·03 ., .)6 ·" ·"' ·13 •39 ... .n 
·" ·" ., ·'' .,.o ·" ""·' ·39 ·" ., ·" ®9o2 ·19 ... ·" ·" ·" G 10~5 

·" 1Ulo2 

·" ., 
52.02 :,~LE 

·'' .60 IIORIZOm:AL !li8l'LILCK!IEI!T Fl!OJ! UST #5 - 150" l!ADHIS EOLTBD BEAMS I 
·'" ,87 CMr-<1 Len.<tth (Inoh~o) 

~19.0 

"" ·'' ·39 
.48· 

@ l9oCl 
I 

lloWo 

TYPE QA 

12 ~"· 

$2.48 

·'' 
·" 
·" o10 

·" I! 4.2 

fiPE A 

1 gn. 10 gA, 

52.45 52.23 

·" ·'" 
.;o ., 
., :34 

., ·" 
·'" ·" ·" @5,0 

·"' ., 
·" ey.o 

12 ga, 

52-25 

·" ·" ., 
·" ·'' ·" @3·5 



APPENDIX 

!'LAIN Sl'SCII!EIIS EOLrllD SP!lGII.!EllS 

Lead in 'l':rPE A 
"" 00 

H~e TYP!l II '~' H~ 00 TYPER TYPll II 
Th~us..,d 
Poun_d# 1go.o7go.,10go.o12go.o 10 ga. 12 go.. 1 ga, 7 ~a· 12 go.. l ga. 1 B«• 10 ga, 12 gao lgao7ga.10ga.l2go.. 10 ga. 12 ~a, lga.7go..12ga, 1 ga. 7 ga. 10 go.. 12 ga. 

' " "" "' '" "' "' 55 " ws 6) " "' m " H) no "' "' '" "' no "' " "' 
,,, 

'" '" "' '"' "' "' ' "' '" "' )50 TI' ,., 9S n6 "" ws '" 
,,, 9M '" "' 376 '" ~· '"' 90 ,,, ,., WJ "' "' "' '·' '" 1098 '"' nn 

' "' '" )66 '" 541 1511 "' '" '" 
,,, 177 "' 993 '" m "' 930 '" 14]0 ,,, 275 '" '" '" '" "' ,., 1925 '"' >)00 ""' ' '" '" soo )209 "' ,,., 

'" 931 '" '" "' "' '" "' "' 689 2000 "' 
2400 "' '" "' "' "' "' "' '·' 3450 3.'C ' ' @),9 

s '" '"" "' ~., 1089 "' 
,., "' "' "' '" '" )66 "' 1218 "'' "' '" 685 "' "' 539 66o 

6 m 505 1473 n65 '" "' '"' '" '" )80 500 5oS "" 7000 3700 m '" 1117 "' 509 "' "" 7 oos 700 2)00 3500 "' "" )06o '"" 353 '" 57> "' 1139 115.8 ·~505 3n '" 1950 "' 6oo "' 116] 
a "" H59 9700 ., ... 991 "' -· '" 306 '" "' 857 1763 "' '" ... , 

'" 
, .. '"' 1543 

9 '" 1750 .,., "' '" "'·' '" "' '" '" 1131 ,,00 "' 1007 395 ·~ "" • a 
"· ., 2200 '" '" '" "' 

,,, 
" 1491 "'·' 500 lJ6J ~5~ '"' "" " '"' "'·' '" 1112 395 "' "' 1999 "' 172$ '" MO) 3796 

" 2455 - 1493 "' "' 
., 2475 "' 7500 '" 1936 •n 

" ~llJ '" 2821 <M "' >SOO '~ "' "' '" "" "· <700 599 ~315 "' 700 "'13 @1'47 1072 m 3650 ,, 
~13·5 ,., 1!113,8 '" '" 1277 "" .,, " 6~ '" 1716 1452 "' " "' "' J050 1767 1155 

'" 663 588 '" (no1t) oMO 

" 109~ "' Failad 1765 

" ).495 '" ., 
" "" 606 

15 1 " 3500 '" I TABLE 

" @ 22 ,,, 
" 866 

LQAD-DEl'>.E\lnOli .Di\XA FROM TEST #6 - COJU\UGltTED PLATE 50" RADIUS - BJWA Xl!ST ,, 
'" " '"' Verlioal Datl~otionn (Thouoo.r.dtho lnoheo) 

" 12B4 

" 1876 
99 237'1 

" 2764 

"" "~' .. ,., '" """' ···~ '" "" "'"~'· ,..J'" '"""""' ,. ..... 
,, )8Hl 

" "" " 5250 
0)2.8 llote1 

PLAI!l SPECl!.IBNS BOLTED SPBCliJl:NS 

Lead in 
TYPS A Tr?E R Thouo1>11d TYPE 1J T'lll: A TYPER TYPE 1! 

Poundo 1 !';&• 7 gn. 10 ga, 12 ~"· 1 gil. 7 ga, 12 gao l ga. 7 go.. lO ~ ... 12 go.. 1 ga. 7 [n• 10 ~·· H ~a. 1 ga. 7 gn. 12 go. 1 go.. "7 ga. 10 ga. 12 gn. 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

' " 0 0 0 3 0 ' ' 0 '·5 ' 0 7 " 
,., s.s " 0 ' " " 9 

'·' " 12.5 0 

' " 0 0 " ' 0 ' s ' ~.5 6 ' " " " '·' '" 0 ' 6o " " '·' '" ,. 0 
3 " 0 " '" ' 0 ,. 6 ' 6 a ,, ~ '" "" ' 

,, ,, 7 " " " 3·5 '"' " " ' n s " 2411 7 ' '" ' " .. , ,., 
" 59 2$4 o.5 " 6S " " 6o " '·' 0 ' 379 W7 s " " "' ' " "5 " " lJ.S n ,, m 693 ' " '" " H5 " 75 

6 JO "' '" ' " "' " ' l].§ " n "" 2280 1·.5 70 6o5 " 118 >59 "' 7 5< "' 1862 5 '" 2070 " 6 " 19.5 "' 528 " ,., 7 "" 2175 '" ''" ''" "" a m "' 3170 6 70 3096 " 7 " 90 "' 1108 37 >06 0 6.9 " '"' ;a; ,. 
' '" ""' 0 ,., 

" "' ' 
,. 

H " "' "' 2256 70 "' 56 "' 7H o a 
JO '95 ' 0.6 '" ,. ,, n " "" '" 0 e., '" "' "' "" 1260 
H "" 

,, 
"' " " >)O ' •• 3 130 2194 120 ~~~' )6~7 

" 2549 " 975 JO " ''" 1419 "' @ 10.8 

"' on ,, 4850 56 1528 " 76 '" 2220 >05 "' 1391 

" "" " 3437 " "' 2030 2761 361 9)0 2177 ,, 145 C· 14 JO' '" « lJ.Z "14.2 "' "' )282 

" "' " 1385 "" '" "'14·5 

" '" " 2493 1024 "' ,. 
'" 6S 3319 1922 1284 

" '"' " % 17.4 ''" (SoH) 

" "' " )"o.HoO 

" "~ '" " 1895 "' IIi TABLE '"I " "" "' " ~- 2] "' 
I 

,, 
"' I 

RESlUIJP.L VERTICAL DEFLECIJO;~s ffiO)! TEST fj6 - §o' RADIUS HEW.! 

" '"' Permmer.t Vortioal l/<f~or""'l>l. on (Th<>UBandtho lnohno) 

" "' ,. ,,~ 

99 2309 

~· "~' .. ~, '' .L ••'-'" '"" ,,,J >~•'" fu•~~• ,.~w. 
30 2705 

" 3746 

" 608) 

" ., 
llohl 

PLAIN SPE1JJW.IlS BOLTSD SPE\:Il$JIS 

Lend in n ' TYP!l OR TYPER H~ 0 'I'YP!l A TYPI< OR ~Yl'E R TYPE U 
Thouoand 

1 ~a. 7 go., 10 ~·· 12 ~n. 10 go., 12 ga. 1ga.?~n.l2go.. 1 gil. 7 gn. 10 gn. 12 ga. 1 go., 7 ga. 10 go.. 12 gn. 10 ga, 12 gn. 1 ga. 7 ga, 12 ga. 1 go.. 7 ga. 10 ~a. 12 go. P unda 

0 49,81 49,71 ;;o,oo 49o78 <;o.z6 50.17 49.60 49·'19 49.64 49·?9 49.33 49.81 49.$1 49.64 49.65 49.69 ~9.80 ~0.)3 50.J4 49·56 ~9.65 49-31 49·78 49.42 49·30 49.43 

' ·"' ., ·" .a, ·" ·39 ·" ·"' ·" ·'' ·"' .ee .66 ·'" ·11 ·"' ·>' ·'' ·" "' ·" ·33 ·" .. , ·'' ·55 

'·' .,. .:;o ·'n ·70 

' ·" .o, ... ·39 ·'' ·" .65 ... ·79 ·"' ·" .n ·11 ., .o, .n 50,Q1 ·" ·" .69 ·" .47 .as .ss ·53 ·" ,., 50.14 .9) ·" ·"' ' ·93 .a, ·'" 50.)6 ·" ·" .68 ·" ·'" ... ·" .99 ·"' .,a ·91 50.05 ·" ·" 51.08 .65 ·•• ·ffi ·90 ·" .so .a, ,., ·" 51.45 

• ·" ., ·37 ~;"1,4{) ·70 ©3.5 ·" ·" .,a . , .98 ;;o.o2 ·"' .eo ••• ·" 5o.n .a, 51·37 .68 ·"' .68 ·" .68 ·" ., . .. , 52.0 " OM 
5 50.00 ·" ·" ~.9 ... .n 5o.o1 5o.o9 o94 50.02 :!; ·93 .87 50.06 ·'1 51.43 ·" •00 .eo ·" ·" .,. 5G,O) 
6 ,05 5o.o6 51.09 51.42 .75 ·"' ·53 ·95 .o;; ·30 ·" .22 50.71 51•71 ·" ·97 50.07 ·" ·" ., ·" 7 .w .21 $2.06 .97 ·" ,12 51.35 5o.oo .oe ·" $0.00 50.07 o4l !!.5.8 ~'!>·II ·77 $0.03 50.J6 50.01 .91 50.04 ·" • ·" .47 @7·3 <!!7.0 .eo .18 51.90 ·" ·" ·'" ·" ., ·" .a. .10 1%.9 .04 50.01 .n ·" ' .20 51.14 ·" .24 "'7·6 .o; ., .ro ·'1 ·33 51.05 ·"' ., .06 ·" .oe " " ·31 019.4 ·"' ·" .06 ·'5 ·" "' ·51 !18.9 ., ·'' ·" ·'" ·"' n ·" ·" .. , .~ ·'" ·30 ·"' ·97 ·" ·" .47 $0.54 

" 51.18 ·" ·'" ·"' ·" ·" 51.24 50.05 51.08 ·'1 .eo m1 

" ·1' .95 51.41 .u ·'' ·" ®12.7 -·13®12 .21 51.17 

" 51.99 .97 51.91 ·" ·300:13 .2~ o29 51.58 ,, <"'13·5 50,03H3,8 ·" ·•5 ., ·3711!.14 

" ·"' ·'' ·'" ·" ·" " ·" .1fl 51.45 ·" ·" ,. ·" o20o'l7 51.13 ·75 

" ·" ·" (Eolt) ·93 

" ·" ., (Fo.H,.d) $1.1~ 

" .95 ·'' ~0 

" 51.13 ·" " ~· 
., I TABLE 11 1 " ·" ,, ·" " ·'" II RO!tlZOill."AJ.. DISPLI\C&r,llll!l' FRO!.! TEST fj6 - 50" RADIUS BEA!I. 

I " ·57 ,. ·"" Chord Length {Inoheo) 

" SJ,lB 
30 .JS 

" .sa 

" ••• L~ud and detlecHon va1ueB ~e~ond ulti""'t" lo~cl are shorm on lo~d-d~.flMtion curves. 

" 52.)4 
0>32.8 );oto1 Tho find entry in oneh oo1umn is tho ultJ..,.te l'>lld in thommnd polllldo, 

-az-


