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LOAD DEFLECTION TESTS
ON CORRUGATED METAL SECTIONS

SYNOPSIS

"Sample sectlons of corrugated metsl plate of four different metal
thicknesses and three types of corrugations were tested as beams and
colums. Beam tests were made on plates formed to two curvatures, and
column loading was applied to plates of three curvatures, one being
the sgtraight 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 1-3/4- by 6-in. circular arc;
(b) within each type, the strength increased with metal thickness;

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

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

more efficient than single bolting in the tranafer 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 imfortant conclusion 1ls that culverts maylbe designed on the
bagis of gection modulus for 1-1/2-in., 1-3/4~-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, 1-3/4— 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 assieting 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 siructures under
different loading conditions, This report is confined only to the
leboratory tests.
In order to expedite the work, & meeting of therfollowing group
wag grranged in Washington, D. C. for the purpose of establishing ways
and meang of carrying out the laboratory testing program:
~—M\Eric L. Erickson, Chairman - Chief, Bridge Division, Bureau of Public
Roads

Highway Bridge Engineer, Bureau of
Public Roads

Chief, Division of Physical Research,

: Bursau of Public Roads
ngmond Archibald ~ Chairman, AASHO Bridge Committee

§

Dudley P. Babceock

Earl F. Kelley

!

George M. Foster

Bridge Engineer, Michigan State Highway
Department
United Steel Fabricators, Inc.

Tage Beck

C. R, Clauer

United Steel Fabricators, Inc.

David Henderson Armco Drainage and Metal Products Co.

George E. Shafer Armeco Drainage and Metal Products Co.



T. F. deCapiteau - Republic Steel Corporation
W. R, Frager - Republic Steel Cofporation
At this meeting, the Michigan State Highway Department, represented
by George M. Fogter, 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

congisting of B, L. Erickson, Chairman, G. M. Foster, and a representa-

tive appointed by each company, namely, C. R. Clauver for United Steel
Fabricators, T, F, deCapiteau for Republic Steel Corporation, and George
E. Shafer for Armco Drainage & Metal Products Co. At & meeting of this

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

procedures were establiched for doing the laboratory testing. It was
agreed that the work should be done by the Research Laboratory of the
Michigen State Highway Department and that it would congist of simple
load-defliection tests on parallel specimens of corrugated plate sections
currently being produced by the three participating fabricators.

As testing of specimens progressed, the subcommittee was given

the'opportunity of inspecting the laboratory technique and procedure.
At such a meeting on August 23, 1949, the following matters were
discussed: Dbearings for specimens; bolt torgue; bolit 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 subcommittee 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 moéulus of rupture
for plates of large and small radius of curvature, ultimate torgue
registance of bolts; and tests on bolted samples at 100 ft.-1b. and
200 ft.-1b. 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
ultinmate strengths and moduius of rupture values for comparison of corru-
gation gtebility. The result was a decision to tabulate the unit stress
at yield point and the modulus of rupture at ultimate load for each plale.
At & meeting in East Lansing on August 292, 1250 the committee
reviewed a preliminary report of the complete results of the investigation.
4 draft of the final report incorporating the findings of the Research
Laborato}y 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 committee approval before publication,



LOAD DEFLECTION TESTS ON CORRUGATED METAL SECTIONS

INTRODUCTLON

Purpose of Invegtigation: .

The tests on corrupated plates were designed to furnish data which

would aid in the solution of the following three problems:

1. Are crosg—-gectionsl area and section modulus sufficient infor-
mation upon which to compute the strength of corrugated metal under
bending and direct siress?

2. Can the experience in the use of the old style 1-1/2-in. corrug-
ation be used for the design of 1-3/4-in. and 2-in. corrugation
depths with proper allowance for the increased section modulug?

3. Do the methods of jolning the plates fully develop the strength
of the plates in bending and thrust?

The answers to these questions required many tests together with

& correlation of the test results. In order to keep the laboratory

program ag simple as poesible, the work was segregated with the following

specific aimp 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.
3. To compare the efficlency of single-bolted and double-bolied
fastenings.

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

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

8. To measure the stresses in the bolts at plate failure.

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

the exbtreme fiber stress.



Scope of Investigatioh

Specimeng 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 tgn 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 basié for corre-
lating the resu%iﬁ of the present test with those performed earlier by

dJamison Vawter,

Specimen Description — The corrugation designated as Type A is &

circular arc type. The depth is 1-3/4 in. and the pitch 6 in. Details
are given in Figure 1 A, Sections are joined by a lap joint with high
tensile bolis spaced as showm in the sketch. |

Another style plate submitted by the same manufactﬁrer is also
shown in Figure 1 B, . This OA type has & corrugation depth of 1-1/2 in.
and a 6-in. piteh, The lap seam is used for assembling as in Type 4,
but the bolts are slightly smaller. Spacing detalls are shown in the
fipgure. |

Another circular arc style is labeled Type K. This has a2 2-in.
depth and 6-in. pitch. The joint is similar to that of Type A with a
small difference in the bolts. Figure 1 C shows these differences.
From this same source, comes Type OR which is similar to the OA style
Tﬁese detalls are given in Figure 10D,

A new corrugation commonly known ag the box type is called style U.
It is in reality a modified trapezoidal shape with & 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 I1linois.
- 10 -



DETAILS of PLATES wmd

FIGURE |



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.
Type R width 22 in.
Type U width 21 in,
Type OA width  21-5/8 in.
Pype OR width  21-3/4 in.

More complete detsils showing manufacturer’s data for each of these

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

Bolt Degceription — The bolts suppliéd with specimen Type A and OA
gnd'Types R and OR were high tensile strength bolts with &n average ulti-
mate strength of approximately 132,000 psi. Bolts furnished with T&pe U
gpecimens were of A-7 grade metal with a lower ultimate strength value
| than material used in other bolits.

The shenk lengbth of all the bolts used was 1-1/2 in., but they varied
in diameter. The dlameter of the bolts for Types A-R and V was 3/4 in.
and for Types OA and OR it was 11/16 in.

The Six Tegts — To make the laboratory study of corrugated metal

plates as complete as pdssibla, the investigation was organized about
gix fundemental tests. Three of these were devised to measure horizontal
and vertical deflections wnder column loading, one test was a measﬁre
of jolnt slippage in a column, and the remaining two were designed to

give horizontal and vertical deformations when the specimens were

- 12 -



acting as beams. The different tests are diagrammed in Figure 2.

Test 1 was s gtraight compression column. The speéimens 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 obgerve the type of failure and note the strength of strailght
corrugated metal sheets when subjected to column loading.

Test 2 was a test on short columns made up of two straight sections
bolted together. The assembly was 24 in. long. The test wes designed tﬁ
measure slippage between the plates and to determine the strength of the
segam in shear. The exception, of course, wag the bublt connection in
which there was pure compression and no sghear. These samples were tested
te plate failure,

Tests 3 and 4 were ildentical except for curvature of test specimens.
In Test 3 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 columnéu The samples con-
sisted b%'both plain and bolted specimens. The pﬁr?oses of both of these
curved column studies were to observé the extent of deformation, the
resistance to load, and extent to which the seam developed the full strength
of the plates.

Test 5 was & sample beam test in which the specimens were supported
at both ende and subjected o a downward force at the center. HMeagure-
ments were made of both horizontal and vertical displacements. The speci-
mens used in this test were identical to those msed in Test 3.

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 bolbed samples were subjected to beam loading.



FIGURE 2
-4 -




These last two tests were formulated for the purpose of measuring the
plate, the characterisiics 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 1t 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 meltsl were provided, namely, 1, 7, and

12 and sufficient samples were furnished so that each test could be

repesated twice for each gage.

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

-5 and 6, the l0-gage samples were submitted from all sources. A few

specimens of B3-gage material were received for Teste 1 and 2. In &ll,
352 plates were supplied and all were tested except a few old-style samples

which were hadly rusted.

System of Identification ~ Each plate was given a sample nuumber when
it was received. The system used was suggested by G; B, Shafefn it con—
sigted of a group of numbers and letters in the following sequence: gource,
test number;¢a distingﬁishing letter for the individual plate, the nomi-
nal metal gage; and a letter indicating whether the plate wasg plain or
bolted. Thus, we had a five-character symbol for each sample.

The following characters were used: The source was &, R, U, 04 or

OR. The test numbers were 1, 2, 3, 4, b, and 6. X, ¥, and Z provided
gymbols to distinguish the three parallel test specimens. betal gages
were 1, 3, 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 A6X1S was from source A, for Test 6,

15 -



the first of 3 samples, of l-gage metal, and was a bolted specimen. Complete

summary of test specimens used in the investigation will be found in Table 1.

Supplementary Studieg - Although each plate carried a symbol indicating
the exact test to be performed upon it, thé&e wag some small deviation
from the schedule. The éubcommittee approved the proposal that the "ZM
plate of each group need not be tested if the results of X and ¥ correlated
closely. This left quite a number of plates free for miscellanecus testing
described ag follows.

1. ©Seam Strength. A large number of bolted Z plates from Test 3
were subjected to beaﬁ 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. Residusl Deformation. OSome of the plain 2 samples were tested as
beamg under a special beam leading program in which the load was released
after each application. The intent here was to observe the rate of
increase in permanent deformation.

3., Fiber Stresses. In Test 4, some SRE-4 electric sbrain gages were
cenented to the curved columns at anticipated points of naximun fiber
stress. These strains were measured both on the inside and outside of
the plate., The nurpese here was to mike measurements to compare with
the theoretical values obtained from standard formulas.

4, Bolt Stregses. While conducting the beam tests, several sets of
bolts were fitted with SE-4d Type A-8 strain gages to make measurements
of bolt tension. Much difficulty was encountered due to the slippage
in the joint. GConsiderable shear seemed to develop which, of course,

could not be measured by the gages.

- 16 -



STYLE A STYLE R STYLE T CLD STYLE
PEST WO. | WOMINAL | DEVELOPED | CHORD | WIDTH | THICKNESS | DEVELOPED | CHORD | WIDTH | THICKNESS | DEVELOPED | CHORD |WIDTH | THICKNESS | DEVELOPED | GHORD |WIDTH | THICKNESS | STYLE
CACE LENGTH LENGTH LENGTH LENGTH LENGEE LENGTH LENGTE LENGTH
1P 1 52.8 —— | 21.4 #278 5340 —— | 2200 «302 53.0 smwe | 2101 +270
7 52.6 —— | 21.4 2191 5320 e | 217 +208 53.0 -] #172 53.0 waea | 21,8 | 191 Q&
12 5340 ——— | 21.3 2114 53a0 —— | 21.9 2122 53,0 wmen | 20,9 2111 53.0 ——— | 22,4 | 109 04
2 8 1 24.0 ——— | 2l.4 <283 2420 ——— ] 216 -287 24.0 wemw 1 21,0 0274
7 24.0 wama b 2104 2190 24.0 s | 2166 »185 24,0 e 1 209 =180 24.0 e 1215 | 198 oA
10 24,0 — 2146 »142
12 24,0 e | 216 +118 24.0 m—— 1 21,9 2121 2440 —— | 20.8 £108
3® 1 52.2 21.4 »283 52,1 21.9 +302 521 21,1 o275 51.0 21.8 #276 oR
7 52.1 2143 2185 52.1 2107 193 52,1 21.0 183 51,0 216 «184 0A
12 52,4 | 21.4 <107 52,1 { 21.8 2116 52,4 | 21.0 #108 Bi.0 § 21.6 | o113 04
38 1 52.4 | 21.6 »286 52.1 | 219 «292 52,0 | 21.0 o277
7 52.2 | 2l.4 2156 2.0 | 21.8 +150 2.0 | 2l.1 ~183 BEl.0 ! 21.6 | 193 QA
12 £2,3 | 21.6 2114 52.2 | 21.6 #117 2.3 | 20.9 <107 1.0 | 21,7 | L110 Ok,
4P 1 47.0 | 2i.5 .284 47.0 | 22,0 .298 48.0 | 21.2 2273 46,0 | 21.6 | o282 a3
7 47,0 | 21.1 .188 47,0 | 21.4 +191 47.3 | 21.1 »179 45,0 } 21.7 ! L191 oA
12 47.2 | 21.3 «114 47.0 | 21.6 2118 47.3 | 2le1 .108
48 1 A7.0 | 218 +286 47.0 | 21.7 #291 48.0 | 21.0 2272
7 g 47.2 214 2195 2 47.0 21.6 =187 g 48,0 211 o177 4 46,0 | 21.6 2188 04
12 - 47.0 | 21.6 +116 g 47.0 | 21.9 #117 - 48.0 | 21.1 2109 i
5P 1 g 52,3 | 2.3 281 I 52.6 | 22.6 0294 < 52.3 | 2.1 0276 Ny 52,0 | 21.6 | L2085 O0R
7 o3 B2.2 | 2146 2180 P 523 | 21.7 2192 - 52,2 | 21.0 +181 m
10 o 52.2 | 2%.4 0141 s 52,3 | 2L.7 0144 ® 52,0 | 2h.2 138 -} 51.6 | 21.6 | o153 OR
! 12 p 52.3 | 21.4 +114 p B2.4 | 21.9 2112 " 52,3 | 20.7 2107 = £2.3 | 216 | o119 an
458 1 b 52,1 21.5 2283 B 52,4 21.5 +205 g3 524 21,0 2276 po 521 21,7 284 OR
t 7 g 52,4 | 21.2 2187 J 52,3 | 21.6 +187 g 52.3 | 21.0 <178 ]
10 o~ 2.l | 21.1 +130 & S V. - 52,2 | 21.0 »137 — 51.9 | 21,8 2152 CR
ie o 52,4 | 21.6 2114 —~ 2.1 | 21.8 118 '?Ef 52.3 | 20.9 »107 'é 52,0 | 2l.6 | L11% Ca
& P 1 g 49.8 | 21.3 <276 g 29.6 | 21.8 292 8 29.7 | 21,1 =274 3
7 “é 49,7 | 21,2 o184 I 49.8 | 21.6 2186 £ 49.9 | 20.9 #1758 &
10 & 500 | 213 #142 R I W = 49.8 | 21.2 #1353 = ‘50,3 | 21.8 ] .154 OR
12. 49.8 { 21.6 0116 4953 | 21.5 #1317 49.4 | 21.l 2108 BOsl | 21,6 | o101 OR
6 8 1 49,6 | 21.4 «282 49.6 | 21.9 -291 49,8 | 21.1 +282
ki 4946 21.3 +188 49,6 21,7 2188 4965 21.0 =178
10 49,7 | 213 -131 SOOI 49.3 | 20.7 2132 50,3 | 21.9 | 150 oR
12 49,7 | 21.4 2115 49.6 | 21.8 «113 49.6 | 21,0 #1086 50,3 | 21.8 | .111 OR,
CORRUGATED PLATE SIZES
{411 dimensiong 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 torqﬁe wrench.

6, Tests on the Metal. Samples were cut from the plates and tested
for Brinell hardness. Oeveral semples were obtained from each different

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

sampling was used. Largerrsections aof the same plate were sent to the
Testing Laboratory of the Bureau of Public Roads for physical and
chemical tests.

7. Joint 8lippage. 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 bolte at 100-1b.-ft,
torque;, some at 200-1b.-ft. and others at 200-1b.~ft. Some were bested
with a double row of-bolts also.

Although the migeellaneous 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

Desecription of Apparatus

| Ag noted above, four of the six typeslof tests to be conducted were
on a column type structure. Each of the first four tests provided a
slightly different problem in assembling the test apparatus.

Test 1 required that the jaws of the loa&ing machine be 52-3/4 in.
apart after the different load tfansfer devices were placed in the machine
and it alsgo required a maximum load of approximately 500»0@5 ib. Existing
testing apparatus available to the Highway Department did not satisfy
these conditions and it was necessary to design and build & loading
machine to meet these requirements. The machine designed may be seen
in Figures 3 and 4, It consisted of two H colﬁmns joined at the top by
a fixed cross member and at the bottom by a movable cross member. The load
was applied through a hydraulic jack capable of exerting 150-ton load.

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 botiom of the column and having

a round mémber fastened to the top of the loading head. The l-in. round
wag free to rotate in a cilrcular grooved plate aﬁtached to the top and
bottom cross members.

The actual load being applied was measured thréugh 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 in. long. There was a

75~ton Universal Riehle testing machine available which had jaws large
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FIGURE 3. 150-TON PRESS ASSEM-
LED FOR TEST NUMBER L

FIGURE 4. I50-TON PRESS ASSEMBLED FOR
TEST NUMBER 2.

FIGURE 5. TEST FOR JOINT SLIPPAGE IN
ING MACHINE.

A CURVED COLUMMN SECTION BEING
FAILED IN A 50-TON PRESS.

UNIVERSAL RIEHLE TEST-}

FIGURE 6.

TESTING
METHODS




enough for 24-in. specimens. About half of fﬁe specimeng in this test
reéuired a load greater than 75 tons and these were tested on the apparatus
discussed above for Test 1. The upper head wasg lowered to allow for the
difference in length between specimens 24 in. long and those 52-3/4 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 insure

uniform distribution of the load over the entire plate.

Four dials were used to measure the glippage between the two plates.
rThe photograph shows theilr arrangement. A4As 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 & and 4 was identical in all respects.
The load was applied te the columns through a 50-ton hand-pumped
hydraulic jack wmit set in a frame constructed from I-beam and;chaqnel
gections. Figure 6 shows this unit.

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

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 othsr pair to meaéure‘the
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TRANSFER DEVICES USED

FIGURE -7
TO PREVENT RESTRAINT AT THE COLUMMN ENDS.

FIGURE 8. UPPER LOADING HEAD IN POSITION
AS USED IN COLUMN TEST. ’

<P, FIGURE 10. METHOD OF DISTRIB-
UTING LLOAD THROUGH BEAMS.

FIGURE .

ARRANGEMENT FOR TESTS & AND &.

GAGE ATTACHED 70O BOLT FOR
MEASUREMENT OF TENSILE STRAINS.

TESTING
METHODS




vertical deflection, This arrangement may be seen in Figure 6.

This same 50-ton hydvaulic press used for the column tests was also
used for the besm tests 5 and 6. The ends of the beams rested on two
rconcrete block piers capped with a 1- by 8- by 24-in. cold rolled sﬁeel
plate. The plates were machined to a smooth finish and get at the |
same elevation.

In order to insure freedom from horizontal constraints on the ends
of the beam specimens, é special load transfer device was designed. Each
end of the corrugated metal plate specimen was set into the vertex formed
by & 2-1/4- by 2-1/4-in, steel angle., To each angle was welded a l-in.
round steel bar. The round steel bafs rested in a groove of l-in.
diameter milled in a flat Steél plate., The flat steel plate, in turn,
rested on three l-in. round steel roliers which, in furn, rested on the
steel caps of the two concrete block piers mentioned above. A photograph
and diagram of this arrangement is 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 gpan 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 insu:e uniform distribution of the load across
the test spécimeno These patterns were lined with heavy rubber sheeting

for a moré"perfect fit. The load was applied 4o 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 0.001l-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 dirsctly to the corrugated plate.
Changes in the span of the beam were measured to 1/64 in, with a steel
straight-edgs.

Inclidental equipment used included a torgue wrench and a Baldwin
Southwark indicator to measure the strains in various parts of the
specimens.

Test Procedure

The procedure in all of the six fundamental tests was essentially
the same. The special angle pleces were clamped onto the ends of the
specimen; it was placed in the press and seated; the dials were adjusted;
and the load was applisd through the hydraunlic jack in previously calcu-
lated increments. Application of the load continued through the yield
point until & maximum 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 leading program was alﬁered by releasing the load between
applications to chtain altérnate no leoad conditions. 'Dial readings at no
load showed progressive permanent deflormation.,

The bolted specimens were subjected to the same type of test as the
plain specimens. The seams were firsit bolted together to a designated
bolt torqué*value by the use of a torqug wrench. The assembled plate

wags then installed and tested in the memner described.
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Since there was gome difference in joint reaction caused by varia-
tion in torgue applied to the bolt it was necessary to determine a torgue
that would approximate the force applied by the average laborer in the
field. Using a wrench slightly smaller than that employed in the field,

‘rgive highway employees found that the average torque they could apply
was 157 ft.-1b, Agsuming that the Jgborer in the }ield hag a larger wrench
and also & betber knack for using such tools it was agreed that a torgque

of 200 £t.-1b., would be very near to [ield usage. Ail bolts used in fasten-

ing joints for the plates were tightened with a torque of 200 ft.-1b. except
in & few instances where changes were made for experimenial purposes.

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

gtudy, both horizontal and vertical deflections were measured, In Tests
1, 3, and 4, measurements were all made with 0.00L-in. dials. In Tests

5 and 8 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 tuken on Test 2. This test was deslgned for
the measuremsnt of resistance to direct thrﬁst and only the slippage at
the lapped joint was recorded. The bubt joints resisted the thrust by
pure compression, and in ‘these cases to%al vertical deflections of the
asgemblies 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 date orlginally recorded

were £he load increments and the horizontal and vertical deflecticns

from the 0.001-in. dials. The load increment varied according to

T




the reyvirements of the test and was determined by the number of velues
needed to draw a smooth curve of tie action of the plate under load. In
Tegte 1 and 2 1t wag 10000 1b. In Test B increments of 2000 1b. to 5060 b,
were uged., Tests 4, 5, and 8 reguired smeller intervals, and the increments
chogen for thege tesis were from 530 to 1000 lb;

Miscellaneous Tegts

At opportune times during the reguler lesting program some supplemen-—
tary studies were made, Straing in the oubler fibers of the plates were
measured on & few of the plates of Test 4. Several Sﬁfé type straln gages
were attached to each side of the wate in tandem on the extreme fiber of
the corrugations neer the point of maximum bending moment of the plate.

The data from the gage which produced the largest reading was selected
a8 typicalé

Tensile stresses on bolts were meapured also, 8B4 strain gages were
cemented to the bolts ss shown in Flgure 11, The Joints were assenbled
with 200-1b.-Tt. helt torque and the plates were tested in the usual method.

The apparent strength of a number of bolts used in the joint assemblies
wes checked by actually twisting them by means of a torque wrench until
failure, and measuring the ultimate torque in foot pounds.

Characteristics of the metal were sleo studied. Chemical snalysis
was furnicshed by the manufacturer. Brinell hardness tests using a 10 mm
ball with a load of 50O kilograms were performed in the laberatory on
small 2- bj 2=in. spaurmens cut from the sheets. Tegt results will ba
found in Table 2, Appendix, Larger 1l2- by 15-in. samples were ment to
the Bureau of Public Roads for dstermination of chemical and physical
properties and modulug of elasbicity. These data are presentgd in

Table 2 A, B, and C, Appendix,
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OBSERVATIONS

The results of the series of six tests are found in Tables 4 through
17 of the Appendix. The déta therein hag been used %o construct graphs for
a ready comparison of the influence of the various factors upon plate
performance. The resuiting curves are grouped where posgible 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 end the modulus of rupture. These wvalues were computed
using the manufacturers! tabulated data for moment of inertis and section
modulus. Measurements in Table 1 show that the measured values for thick-
ness check within reasonsble 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 ﬁse of the tabulated values for section modulus and mcoment 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-carrylng capacity when acting as intermediate columns.
Types ﬁ and R have very nearly the same capacity, Types A and QA have
progressivelj lower load~carrying ability. These curves are drawn on
the assumption that all the plates had the seme overall dimension and
that the only variables are the factors that determine the section

modulus. The section moduli for Types U, R, A4, 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 ability. 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
carrylng capacity.

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 center. This reduction of depth decreased the moment of inertia of
the plates and failure progressed rapidly when the spreading became
apparent. Photographs of four types of gpecimens from Test 1 are showm
in Figure 13.

Tests 3 and 4 are further columﬁ teste except that the columms are
curved having radii of 150 in. and 20 in., respectively, (See Figure 2)
The graphs for these load-deflectico tests are found in Figures 14 and 15.
The curves for the unbolted specimens (Figure 14 & and 154) have very
nearly the seme pattern as those for Test 1 shown in Figure 12. Here
the difference between the load carrying capacity of Types U, K, A, 04,
and OR are more apparent and are of the game order as the different
section moduli. A different pattern may be notéd for the bolted plates
in Tests 3 and 4, as shown in Figure 14Band 15 B.  The superiority of
the U type is not néarly as evident in this case. In fact, in the
bolted specimens of Test 4, the Type R corrugation is superior to Type U.

This will be discussed further in the section on joint efficiency.
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Strain Neagurements — For a further analysis of tﬁe effect of corru-

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

maximum strain on specimens in Test 4. One sample of each 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 .psi. was

apsumed.,
TABLE 2
LOAD VS. STRALN IN EXTREME FIBERS OF CORRUGATED PLATE
Fiber Strain Fiber Strain Fiber Strain Fiber Strain
Load in “Micro, in./in. Micro in./in. Micro. in./in. Miero. in./in,
Thousand Convex surface  Convex surface  Concave surface - Convex surface
Pounds Spec, U4Z1iP Spec, R4Z1P Spec. R4Z41P Spec. A4Z1P
1 172
2 183 210 -248 280
3 387
4 259 417 ~489 487
5 610
8 438 617 ~718 742
7 873
8 585 740 ~930 965
2 1140
10 710 928 -1138 1303
11 1522
12 859 1153 -1378 1873
13 2352
14 983 1366 -1540 3560
15 a at 14,0
16 - 1104 1581 -1845
17
18 1254 1931 ~1785
19
20 1404 2385 -2030
21
22 1582 3258 -2390
23 76802 -8570
24 1758 at 22.5 at 22.5
25
26 2464
27
28 3145

29 over 5000
20 at 29.8

%microain, is 000001 in.




The unit stress at the elastic linit has been computed from the

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

to be:
Type A - 10,000 1b,
Type R - 16,000 1b.
Type U = 22,000 1b.

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

computed stresses are:

Type A - tension face - 37,800 psi

Type B - tension face - 45,850 psi
Type B ~ compression face - 47,700 psi
Type U — tension face - 45,000 psi

Computing the stresses for these same three gspecimens 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 - 38,230 psi
Type R - tension face - 33,570 psi
Type R — compression face - 57,830 psi
Type U - tengion face - 45,750 pei

The two methods of computing stress compare quite favorably, indicating
the section modulus &s furnished for these style corrugations furnishes
reasonable stress values.

The characteristic failure of the principal stylees ofrcorrugation
subject to loading conditions such as those in Test 3 and 4 are iliustrated
in Figures 16 and 17. The circular arc type corrugations both have the
characteristic spreading that occurs when the plates asre subjected to
column action., The box type corrugation is also subject to some
spreading under load and as shown in Figure 18, there is also evidence
of localized buckling near the section in naximum stress.

The load defleciion data for Teste 5 and 6 are shown in Fipgures 18

and 12 -and make possible an evaluation of the effect of corrugation
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style upon plate performance from two pdints of view, namely, the beha-
vior in the elastic range and the performance in the yieldiﬁg range up
to the point of ultimate load.

In the elastic portion of ithe curve the stiffness of the plate is
-indicated by the slope of tﬁe straight line section. From Figures 18 and
19 one observes ﬁhﬂt for plain specimens, plates U, R, and A have &
éomparable degree of gtiffness in gages 1 and 7. The lighter gages do
not follow any well-defined pattern.  The elastic liwits are highest for
U, less for R, and lowest for A style plates. Unit stress values at
elastic limite for Tests b anq & are vresented in Tabies 3 and 4.

There are at least two methods of evaluating performance above the
elastic limit. The first aﬁd mosgt direct is a comparison of ultimate
loads, and the second is a comparison of modulus of fupture 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 amalysis in thié respect, Table &
hag been preparedo 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 quotiént 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 grephs
in that the ultimate loads are greatest for the U gtyle, less for R and
leagt 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 3

UNIT STRESS AT ELASTIC LIMIT - TEST 5

(1) (2) (3) (4) (5)
Specimen Load at Working Bending Total Unit Stress at  Average

Elagtic Length Moment Section Elestic Limit

Limit (L ~ 4.38) (3)=(1)x(2) WModulus (5) = (%) = (4)

_ : ‘

(1b.) (in,) (in.-1b.)  {in.% (psi) (psi)
USX1P 17000 48.12 204400 5,11 40000
USY1P . 17000 48,07 204300 5,11 40000
U5Z1P 19000 48,15 228600 5,11 44800 41600
UBX7P 11000 48,04 132000 3,405 38800
UST7P 11000 48,04 152200 3,405 53800
USZ7P 12000 48.07 = 144200 3,405 42350 39083
U5X10P 9500 47,78 113500 2,615 43400
U5Y10P 9000 47.95 107800 2.615 41200
U5210P 3000 48,10 108100 2,615 41400 42000
U5X12P 7000 48,1% 84200 2.066 40800
U5Y12P 7000 48,18 84300 2.066 40800
U5Z12P 5000 48,12 80200 2,068 29200 33930
REX1P 11000 .- - - S -
REY1P 12000 48,39 145000 5.19 45400
R5ZLP - 12000 48,353 144800 5,19 45400 45400
REXT7P 7000 47.96 83800 2,185 28700
R5Y7P 6000 48,17 72500 2,165 33400
R5Z7P 7000 48,25 84400 2.165 29000 37030
RSX10P 8000 48.15 72200 1.641 437900
R5Y10P 8000 48.10 72200 1.641 43900
R5Z10P 8000 48,03 72200 1.841 43900 433900
R5X12P 3500 48,20 42200 1.288 52775 -
R5Y12P 4000 48,03 48000 1,288 37575
R5Z12P 4000 48,12 48120 1.288 B7R75 35842
ABX1P 8000 48,03 72100 2,782 25900
ABY1P 8000 48,00 72000 2,782 25850
ABZ1P 7000 48,00 84000 2,782 30200 27320
ABXT7P 4500 48,21 54200 1.882 28800
ABY7P 4500 48.20 54200 1.882 28800
ABZT7P 5000 48.09 60100 1.882 31900 29850
ASX10P - 3000 48.0% 36100 1,438 25100
A5Y10P 5000 47,82 35900 1.438 25000
ASZ10P 2000 48,07 36100 1,438 25100 25067
ABX1Z2P . 2000 48,08 24030 1.1%1 21250
A5Y12P 2000 48,01 24000 1,151 21250
ASX12P 2000 47.98 253990 1,131 21250 21250
ORSX1P 8000 47,85 71775 2,008 35452 35432
OR5X10P 4500 47.98 53577 1,045 51652
OR5Y10P 4500 48.09 54101 1.045 51771 51711
QASX12P 2000 48,34 36255 0.807 44926
0A5Y12P 3000 48,15 56,113 0.807 44750 44838
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TABLE 4

UNIT STRESS AT ELASTIC LIMIT - TEST 8

| (1) (2) (3) (4) (5)
Specimen Load at Working Bending Total Unit Stress at Average
Elastic Length Moment Section FElastic Limit
Limit (L - 4.38) (3)=(1)}x(2) Modulus (5) = (3)2 (4)
s
(1b.) (in.) (in.-1b.)  (in.>) (psi) (psi)

Usxlr 20000 45,82 229100 5.11 44800

U6Y1P 18000 45,73 206000 5,11 40%00

UBZ1P 19000 46,00 218500 5,11 42700 42600
UsX7P 11500 45,75 131700 5,405 38700

UBY 7P 12000 45,98 137800 %.405 40400

URZTP 12000 45,79 137300 3,405 40300 29800
UBXLOP 10000 45,73 114500 2,815 43800

Usylop 10000 45,90 114500 2.815 43800

U6Z10P 10000 45,95 114500 2,615 43800 43300
UBX12P 7000 45,48 79600 2.084 38600

UBY12P 7500 45,82 85900 2,084 41500 _
UBZ12P 8000 45,80 91200 2.064 44200 41433
REX1P 12000 45,70 157200 5,189 43000

RBY1P 12000 45,54 136800 3,189 42900

RGZ1P 11000 45,31 124500 %.189 29100 41670
REX7P 7000 45 .87 79300 2,165 %6800

REY7P 7000 45,75 80100 2,165 %6800

RBZ7P 8000 46.09 92200 2,185 42800 %8750
RGX12P 4000 45,87 45870 1.288 35600

REY12P 4000 45.50 45500 1,288 ~ 35400

RBZ12P 4500 45,48 51100 1.288 39700 36900
ABX1P 8000 45,75 91460 2,782 32800

ABY1P 8000 45,785 91460 2,782 52800

ABZ1P 7000 45,78 80200 2,782 28800 51450
ABXTP 5000 45,48 56800 1,882 30200

ABYT7P 5000 45,68 57100 1.882 30300

ABZTP 5000 45,70 57200 1.882 30400 30300
ABX10P 4000 46,00 46000 1.438 32000

ABY10P 4000 48,17 48170 1.4738 22100

ABZ10P 3500 45,78 40100 1.438 27900 %0850
AGX12P 2000 45,57 22780 1.151 20200

ABY12P 2000 45,76 22880 . 1.131 20200 :
ABZ12P 2000 45,50 22750 1.151 20200 20200
ORGX1OP 4000 46,18 48180 1.045 44191

ORBY10P 4000 46,55 48350 1.045 44354 44272
ORBYX12P 1500 46,00 17250 0.8228 20965

ORGY12P 1500 46 .25 17344 0.8228 21079 21022
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TABLE 5

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

(Based on Test 5)

" Type and Gage Ultimate Modulus of
of Corrugation I/C Ratio = Load Ratic Rupture Ratio
(in 1b.) (in psi)
U1 gage | 5.11  1.84 28,000 2,51 66,408 1.26
R 1 gage 5,180 1,15 18,900 1.56 72,454 1.38
A 1 gage 2.782  1.00 12,100 1.00 52,595 1.00
U 7 gage 3.405 1,81 18,6800 1,98 59,090 1.09
R 7 gage 2.185 1.15 11,500 1.37 84,8753 1.20
A 7 gage 1.882  1.00 8,400 1,00 54,066 1.00
U 10 gage 2.615 1.82 11,800 1.88 54,585 1.03
R 10 gage 1.641  1.14 9,750 1.43 72,055 1.%6
A 10 gage 1.438  1.00 6,300 1.00 52,920 1.00
U 12 gage 2,083 1,82 8,400 2,25 49,235 1,23
R 12 gage 1.288 1,14 8.070 1.62 57,125 1,43
A 12 gage 1.151  1.00 5,740 1.00 59,960 1.00
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Another basis for evaluation of corrugation efficiency is & compari-
son of moduli of rupture. These cannot be seen graphically but are com~
puted by the formula

S, = PRC/I
where P is the ultimate load, X is moment arm st ultimate load position,
and the ratio I/C ig section modulus.of the plate., Modulus of rupture

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

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

been grouped and averaged and are shown in colums 8 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 cage the B type corrugation
seems superior, while next in order are U and A. There is aﬁparently no
direct relationship between modulus of rupture and section modulus.
Poggible reasons for this fact are:s 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.

Pigures 20 and 21 illustrate typlecal failureg for plain and bolted
circular type corrugated specimens in Tests 5 and 8. As expected the

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

the bolted specimens the maximum bending appears to oceur at the row of
bolt holes in the "top" plate at the joint. Figure 22 illustrates
typlcal failures for the box~type corrugation. Thers 1s 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 HUPTURE - TEST &

_ (1) (2) (%) {(4) - {5)

Specimen Ultimate Working Bending Total Modulus of Average

Load Length Monent Section Rupture

(L - 4,38) (3)=(1)x(2) Modulus (5) = (3)=(4)
- 4 o
. B . .

(1b.) (in.) (in.~1b.) (in. ) (pai) {(psi)
UBX1P 28000 48.48 320360 5,11 86411
UEY1P 28000 48,38 3384660 5.11 BR274
JsZ1P 28000 48,57 359930 5.11 88534 86406
UBX7P 18800 48,587 203154 3,405 59663
UsY7P 18850 48.29 203422 2,405 59742
UBZ7P 16240 48 .38 186423 3,405 57838 52090
[H eI 12000 48,01 144030 £.615 55078
UhEY10P 12000 48,20 144800 2.615 55298
UBZ1QP 11400 48 .43 158026 2.815 52782 54385
UsX12P 8100 438 .31 97328 2.0686 48298
UsYlzp 3000 48,38 108855 2.066 52689
(ALY AV 8000 48 .26 96520 2.066 46718 49235
REXAP 17400 - - - - - - -
REYIP 19300 48 .82 234580 5.19 73539
REZ1P 18600 48.96 227664 3.19 713588 72454
R5X7P 11520 48,87 140170 2.165 64744
R5Y7P 113800 48 .88 143608 2.165 66330
RBATP 11300 48,70 137578 2,165 63546 84873
R5XI0P a720 48,51 117879 1.841 71854
R5Y1QOP 10000 48 .48 121150 l.841 73826
REZ10P 9550 48 .48 115698 1,641 70505 72058
REX1ZP 5720 48 .45 69284 1.288 53792
REY12P 8500 48 .49 78738 1.288 61177
R57Z12P - B0OOO 48,43 72845 1.288 58401 57123
ASX1P 12180 43 .41 147408 2,782 52988
ABY1P 12180 48,21 148799 2.782 52767 '
ABZIP 12000 48,25 144750 2.782 52051 52595
ABXTP 8000 48,45 96300 1.882 51488
ASYTP 8500 48 .48 1029738 1.882 54717
ABZTP 8700 48 .45 105379 1.882 559395 54088
ABX10P 6180 48,46 74870 1,438 52085
ABY10P #8125 48,37 74067 1.438 51507
ABZ10F 6550 48 .49 79402 1.438 55217 52929
ABXizP 3600 48,38 AZBAZ 1.131 38498
ABY1ZP 3620 48,28 43693 1,131 38632
ABZIZP 4000 48,35 483850 1,131 42750 39960
ORBXLP 8500 48 .28 102595 2.008 51144 b1ld4
QRBX10P 6300 48 .12 75789 1.045 72525
OR5Y10P 63560 48,37 76208 1.045 73536 73060
OABX12P 4440 48,54 53879 0.807 65765
QABY1Z2P 3940 48,31 47585 0.807 58965 82855
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TABLE 7
MODULUS OF RUPTURE - TEST 8

. (L (2) (3) (4) (5)

Specimen Ultimate Working Bending Total Modulus of Average

Load Length Moment Section Rupture-

(L - 4.38) (3)= (L)x(2) Modulus (5)=(8)s(4)
4 .

(1b.) (in.) (in.-lb.)  (in.®)  (psi) (psi)
U6X1P - 33850 47.73 403915 5,11 79044
U6Y1P 32850 47.56 402478 5,11 78762
UGZ1P 22000 48.04 384320 5.11 75209 77672
UGXT7P 17300 47.21 204183 3.405 59966
UBY7P 17200 47,57 204551 3.405 60074
UBZTP 17400 47,37 206050 3.405 60514 60185
UBX10P 12300 46.82 143970 2,615 55055
UsY10P 12000 46,73 140120 2.615 53610
U6Z10P 15195 47.07 155270 2.615 59376 56013
U6X12P 9180 45.85 105220 2,064 50979
UsY12P 9300 46,28 107600 2.0684 52152
UBZ12P 9300 46,15 107300  2.064 51988 51699
REX1P 21000 47.40 248850 3,189 78034
RBY1P 21860 47.57 259970 %.189 81521
RBZ1P 23000 47,52 272090 2,189 85321 81625
REXT7P 13800 47 .57 164118 2,165 75804
RBYTP 13850 47,95 163630 2,165 75580
RBZT7P 14000 47 .56 166460 2.165 75887 76090
REX12P 7220 47,751 85394 1.288 68300
RBY12P 7055 47.12 85107 1,288 64524
REZ12P 8000 47.09 94180 1.288 73121 87982
ABX1P 13650 47.59 162401 2,782 58376
ABY1P 14000 47.54 166590 2.782 53809
ABZ1P 13000 47,62 154765 2.782 55631 57939
ABXT7P 9600 . 47.15 115160 1,882 60128
ABYTP 10000 47,58 118900 1.882 83178
AGZTP 8650 47,40 102503 1.882 54485 59257
ABX10P 6800 47.78 81226 1.438 - 56485
ABY10P 7560 47.94 90607 1,428 83002
AB%10P 7410 47 .43 87864 1,438 61101 61413
ABXIZP 4385 47,43 51995 1.131 45973
ABY12P 4220 47.85 50271 1.131 44448
AB712P 4000 47,40 47400 1.131 41910 44110
ORBX10P 7000 47,59 85282 1,045 79696
ORSY10P 6930 47.57 82415 1.045 78866 79281
ORBX12P 3500 47,01 41134 0.8228 49993
OR6Y12P 5500 47.56 41615 0.8228 50577 50285
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It is evident from the above cbservations thet there is a relation-

ship between published section modulus and the load carrying capacity of

[

the various corrugations. This relationship is not linesr bubt rather am
the section modulus increases the load carrying cspacity increages at an
even greater rate.

Effect of Gage

Pigures 23, 24, and 25 illustrate the influence of gape on owverall
strength of the plates for the column tests 1, 5, and 4, respectively.
Without exception, thesge curves show that as the mebal thickness is
increased the load at which the plates failed increases aiso. This
further illustrates the point thai as the ssction modulus (a function of
the gage) increases, the load carrying capacity of the plates is zlso
increased.

Figures 28 and 27 illustrate the same relatlonship for Tests 5 and
6. In this case again there is a progressive iuncrsase in load carvying
capacity.

It is seen that the stiffness of the corrugated gheebt ig influenced
to a pgreat extent by metal thicknegs., Comparison of 1 gage and 12 gage
curves, for example, 1llustrale that an incresase in wstal thickness from
0.106 in. to 0.R275 in. trebles the ability to carry loads.

Since metal gage ls a factor in the determination of sgeetion medulus
Table 8 has been computed; Here plates from each of the three princlpal
sources have been grouped by gage, section modulugs and ultimate load
figures have been‘tabulated, and two ratio columns hsve been formed by
dividing the section modulus and ultimate load values, respectively,

by the lowest entries in each group. The ratio columng show a variation

&
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in section modulus ratios from 1 to almost 2.5 while the ultimate load
ratios vary from 1 to 3.34.

The effect of mebal thickness on modulus of rupture can be readily
agcertained by use of the values listed in Tables 6 and 7. By averaging
the entries in these tables in such a way as to obtaln a representative
nodulus of rupture value for esach gage for each manufacturser we are able

to produce Figure 28,
TABLE 8

EFFECT OF GAGE ON SECTION MODULUS AND ULYTIMATE LOAD
(Based on Test 5)

Gage 1/C Ratio Ultimate load Ratio
{in pounds)
Type U
1 5,11 2.47 28000 3,34
7 3.405 1.65 16600 1.98
10 2,815 ' 1.28 11800 1.41
1z 2,066 1.00 8400 1.00
Type R
1 5,19 2,48 18900 ' 3,11
7 2.165 1.68 ' 11500 1.89
10 1.641 1.27 9750 1.81
12 1,288 1.00 8070 1,00
lype A
1 2,782 2.45 12100 5.24
7 1.882 1.66 8400 2.25
10 1.433 \ 1.27 6300 1.88
12 1.151 1.60 3740 : 1.00

Included in Figure 28 and illustrating the 1-1/2-in. type
corrugations {(OA and OR} are values of unpublighed data by Jamison
Vawter, Professor of Civil Bngineering, University of Illinois. This
ia a report of tests on beams made of corrugated pléte much the same
as Tests 5 and 6 of this present project. A1l of Vawter's tests were
made on Type OA corrugation and the principal results are shown in
Table 9.
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TABLE 9
AVERAGE WODULUS VALUES FOR OA PLATES

by Vawter

Test Gage Radius Total load Average Span Segtion  Modulus of
No. inches pounds inches Modulns Rupture

: in. Jopsie
2 7 50 9900 50.88 1.872 67300
3 5 50 11710 50,82 2.166 68700
4 3 50 13370 ) 50.76 2,454 62100
1 1 50 15130 50 .41 2,604 70800
7 7 100 8850 652,08 1.872 81500
8 5 100 10910 52,14 2.1686 85700
5 3 100 12120 52,10 2.454 64300
8 1 140 14130 51,93 2,694 88100
10 7 150 8580 52.06 1,872 53700
9 5 150 10330 52.08 2.166 82400
11 3 150 11900 51.98 20454 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 ag 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 iﬁvestigatipn°

The curves'for Types U and R corrugations in Figure 28 are somewhat
similar in that modulus of rupture increases with metal thickmess, although
the pattern for Test 5 of Type R 1s not clear. Type A and 04 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
gtyles efficiently develop the metal strength to its fullest extent for
this thin métal“ It ig also possible that some of the apparent loss
of efficiency is due to the type of loading used in Tests 5 aﬁd 6. The

two point loading head used is more likely fo cause localized buckling
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in thinner plates thaen will occur in the heavier gages. ©uch point
loading does not occur in actual practice and this fact may be kept in
mind when analyzing this data.

Performance and Efficlency of Joinbs

This phase of the project may be further subdivided into two parts,
1) Lap joint versus butt joint, and 2) single bolting versus double
bolting (lap joint only). The lap joint versus butt joint may be further

ahalyzed by comparing their action first as in a beam and secondly &s in

direct shear.,
4s a bagis for the evaluation of joint performance it wag decided

that plates Wiﬁh seams were Ho be tested in a manner identiecal to that

for plain plates. Thug, the efficiency of the fastening could be judged
by finding the ratio of the load carried by the seamed sample to The
load carried by the plain plate, Table 10 has been compiled on this
basis.

Joint efficiency may be computed at any load, and for comparison
these efficiency ratings have bheen listed for both elastic limit and
ultimste load in Tests 5 and 6. It may be noticed that with very few
exceptions the efficiéncy rating is higher at the point of ultimate

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

internal adjustment which causes the elastic limit to be lower than it
might otherwise be., In the curved beams the butt jolnt 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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St
CURVED COLUMNG CURVED BRAMS
Specimen Test #3 Test #4 Test #5 Tost #6
Ultimste loads % BEff. Ultimate loads % Eff. Elastic limits # Eff. Ulbimats loads {% Eff. Elastic limits % Brf. Dltimete lomds [ % Eff.

plain bolted plain‘ | bolted plain ‘bolted plain | bolbted plain § bolted plein | bolted
U1lga 123000 65000 53 30400 20000 66 17670 2000 51 28000 18800 47 19000 11000 58 32800 20000 61
U7 e TO0DC 40800 58 17400 13000 5 11330 4000 35 16600 11800 T 12000 6000 50 17000 14000 82
T 10 ge 9160 3000 33 11800 10300 &7 10000 3000 50 13000 11000 8y
U 12 ga 40060 30800 17 8400 8400 100 £330 2000 32 8400 7500 89 7500 4000 53 $000 8oca 8y
R 1ga 79700 52300 66 22000 21000 %6 ‘ 11670 Booe 69 13900 19000 | 100 11700 7000 60 22000 18000 82
R 7 ga | 48600 42800 88 12000 13000 100 8870 5000 Vit 11500 11900 | 100 7300 6000 82 13800 12000 B?
R 12 ga 28000 28200 100 5500 7000 100 3830 4000 100 6070 6800 | 100 4200 3500 83 7600 69000 91
A 1 ga 45000 41800 93 14500 13000 50 6330 4000 63 12100 11350 92 8000 4000 50 13500 12700 94
A 7 ga 44600 34800 78 9000 2000 100 4570 4000 86 §a00 8400 { 100 | 5000 4000 8o 9400 5900 95
A 10 ga 3000 2000 61 6300 5700 50 3500 3000 86 7300 5800 7%
A 12 ga 16700 17100 100 2500 3500 100 2000 2000 100 1740 3900 | 100 2000 2000 100 4200 4000 95

% Bfficiency is ratio, expressed as percent, of load bolted to load plain.

Test #5 Tegt 76
Specimen Blastie limit Ultimate Elastie limit Ultimate
?lain | boited |% Eff. | double bolted | % Eff.| plain | bolted { % Eff. double-| 7 plain |bolted [# Eff. | double bolted [ % Bff. | plain|belied |%# Eff. | double bolted % Eff.
bolted | Bff.

B 1ga| 11470 8000 69 10000 86 18900 | 1pco0 | 100 | 19000 | 100 § 11700 | 7000 60 22000 18000 82

R 7 ga 6670 5000 75 6000 90 11500 11990 1ga | 11200 97 7300 6000 82 7000 96 13800] 12000 a7 10780 78
R 12 ga 3830 4000 100 4500 100 6070 6800 100 7000 | 100 4200 3500 83 4000 95 7600 6900 91 6930 91
A 1lga 6330 4000 &3 5000 79 12100 11100 9z | 10500 87 8000 4000 50 5000 62 1350048 12700 94 14180 100
A 7 ga 4570 4000 86 J:telnle] 100 8400 8400 100 9000 § 100 5000 4000 8o 4000 Bo g4007 8900 95 8720 93
A 10 ga 3000 2000 67 3000 100 6300 5700 {90 [ 5000 79 3500 3000 86 3500 100 7300f 3800 79 5775 80
412 ga 2000 2000 100 £000 100 3740 3900 100 § 3560 95 2000 2000 100 2000 100 42007 4000 o5 3320 79

TABLE!OT

EFFICIENCY OF JOINTS
Bolted at 200 f4,-1b, bolt torque.




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 vertlcal 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 warked superiority inm this particular
test. It 1g 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 remeining styles of corrugation the Type R joint shows
some superiority over the Type & joint in registance to direct shear,

The type of failure common to the lap joint when subject to direct shear
is shown in Figure 30 B and €,

Double bolting was tried on the lap joints to see if such a method of
fagtening could be used to fully develop the plate metal strength. %Table
10 showg data relative to the performance of double bolted jolnts. There
is approximately a 10 percent increase in efficiency at the elastlc limilt
but there ig no increase in efficlency apparent at £he ultinate load.

A Digcusgion of Joint Action

Test 2 was designed primarily to invesﬁigate the strength of the
joints under direct thrust. When testing the lap type joint in which the
bolt torque was 300 ft.-1b. there was a sudden slipping between the two
plates at about 70,000 1b. This was probably due to the fact that all of
the load up to the point of slippage was carried by friction bebween the
plates. When friction no longer could carry the entire load there was

sudden slipping and ths 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 ﬁas 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
thrust.

An snalysis 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 21, is the row farthest from the edge of the metal when

one looks in the dirvection of the load. OSecond, as the load increased,
the outside row of bolls loogened, and the portion of load carried in
tension by these bolts approached zero. Third, when the metal at the
joint definitely failed, the tenslon on the inside row of bolts was alsgo
decreaged and the corrugated plate itself began to féil rapldly.

The analysis of the butt joini is somewhat different. Ourve B of
Figure 32 shows the tensile stress in the lower row of bolts‘in a buti
joint. The stregs 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
1000-1b, load increments and then increases. This increase probably

beging when the butt joint begins to spread at the bottom and pivotls

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

failed joint in Figure 32, 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 plate. In very few instances were
there bolt failures, but most joint fallures seemed to have come from
the failure of the butt-plate itself,

Since there ig 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 joint.

Figure 53 shows a double-bolted joint.
The dashed curves on Figure 351 show the tensile bolt strains of the

double-bolted specimens. OCurve A shows that the A row of bolts decreases

in tensile strain from an initial strain due.to torque down to zero.
Practically the same action is taking place as occurs in the single~
bolted plates.

There is much more variation in the "B" row of bolis subject to
tension. The dashed curve B shows these bolt strains. The straln increases
only slightly beyond the initial strain introduced by tightening the bolts
up to a point just beyond the elastic limit of the beam. Then the strain
increases more rapidly for several thousand pounds and s@a?ts to deérease
again when the metal in the joint fails. 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 joints.

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

gtrength of the plates neither type of joint has a decided advantage.

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 joint.

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 11. Two graphs which portray the typical
behavior of longitudinal bolt strains are shown in Figures 31 and 32.

Figure 32 is the set of curves for the butt joint. The initial
stresses are incurred in the tightening process. As the load is applied
vertically downward some relief is seen in the wpper row of bolts. After
the elagbtic limit of bthe metal was reached both rows increased in tenszion.

Bolt strains in a lap joint are shown in Figure 31, For single
bolting there was not much change in bolt temsion for the first 5000-1b.
load. Above that value the A" row of bolts obtained rapid relief and
the tension increased more rapidly in the "B" row.

Double bolting aided the strains in the "B" row. Throughout the test
the lncrease in strain in these bolts was very small for & double-bolted
joint. The "A" row bebaved in a manner similar to that shown for gingle
bolting.

Bffect of Varving thg Raedius of Curvature

Tests 5 apnd 6 differed only in the plate curvature. The plates for
Test & We?e formed to a 150-in. radius of curvature while the samples
used in Test 6 were curved to a 50-in. radius. An inspection of Figures
18, 19, 28, and 27 shows slightly higher ultimate values for Test 5
than Test 5. This was to be expected because of the difference in the

Span .
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TENSILE STRAI

TABLE il

NS IN BOLTS = TEST 5

Strain in microinehes per inch for indicated load in pounds om bolted beams

. Plate Réw
Idens Bolts TFige 0 1000 2000 3000 4000 5000 6000 7000 3000 9000 10000 11000 12000 13000 14000 15000 15000 17000
31=32 )
Ul ga 8 A 1040 1000 920 B850 7460 690 400 70@ 81¢ 930 1020 1080 1140 1200 1250 1250 1220 1020
B 1470 1430 1510 1500 1660 1780 1890 2080 2L70 2210 2230 2260 2290 2320 2400 2550 2610 2760
T 10ga 5 A 1180 1166 1130 1120 1130 1180 1400 1540 1640 1740 2000
B' 1050 1100 1170 1230 1270 1325 1470 1580 1640 1740 1810
T i2gze S A 1230 1290 1350 1430 1470 1530 1600 14695 1710
B 1300 1290 1260 1140 1160 1180 1080 1120 758
R 1ga D A 630 610 580 530 500 460 400 340 2379 200 140 8o 30 0 A
B 730 730 740 760 770 780 T80 Boo 8ie 8i¢ 810 8oo 8ile 820 860 920 950 970
R 1czs 8 A 870 730 740 740 710 650 500 410 350 270 200 130 100 50 10 0
B 760 830 820 820 810 800 880 1170 1350 1530 1600 163C Fail
R 7aa S8 A 1563 1600 1543 1310 1135 048 700 588 420 235 198 98 0
B 740 734 740 770 833 875 953 1081 1188 1323 1661 Fail
A 1ga D A 668 622 555 445 /O 23C 47 63 52 95 100 7O
B 544 566 B4l E79 652 592 640 695 785 878 880 970
A 1gza 8 A 750 705 620 503 347 232 168 180 198 197 218 253
' B 845 822 859 8is 838 885 895 1096 1255 1383 1658 2152
A 7T ga 8 A 554 561 576 555 576 545 524 340 189 108 34
B 764 786 864 934 1044 1068 1151 1213 1419 1656 13812
A T ga D A 647 605 532 405 278 243 222 153 138 70 T0
B 750 795 855 865 910 970 1040 1105 1230 1335 1480
4 1i0za 8 A 720 650 516 405 296 180
B 665 682 690 720 680 650



There was some question, however, as to the relative magnitude of the
fiber stresses at these different curvatures. Tables & and 4 list the
fiber stress at the elastic 1imit and Tables 6 and 7 give the modulus of
rupbure at ultimate load. 4 direct comparison of average unit stresses
at elagtic limit for Test & with those of Test & produces no deviation
that can be attributed to curvature. Major éiscrépancies occur in the
U 12 gage, A 1 gage, and A 12 gage with values from Test & exceeded by
thoge of Test 6; and R 1 gage, OR 10 gage, and 0A 12 gage where Test 5
;hows the larger values. However, modulus of ruplure figures are high%r
in Test & than in Test 5 for 811 samples except 04 12 gage.

Bolt Toroue Tests

Three gets of corrugated plates from esch manufacturer were fastened
together with the bolts supplied for that purpose, These were tightened
with e torque wrench until failure occurredo The data presented in
Table 12 shows that the high tensile bolts furnished ﬁith the A and R
specimens withstood about 700 ft.-1b, torque while the standard bolts
supplied for the U styles failed at a lower value. In either case,
however, the 200 ft.-1b. torque,Value used for fastening the seamed
specimens throughout this test was well within the working limits of

the bolt metal.
TABLE 12
ULTIMATE BOLT TORQUE Ik FOOT-POUNDS

Style 1 ga. 7 ga. 12 ga. Average
Test 1 Test 2 Tegt L Test 2 Test 1 Test 2

A 680 720 710 720 720 720 TL3
720 750 780 690 - 680 710 715
U 205 580 590 575 580 620 592
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SUMMARY OF PRINCIPAL CONCLUSIONS

1. Culverts may be designed on the basis of sectlion modulus for

1-1/2~, 1-3/4-, and 2-in. depths for circular arc type corrugation and
2-in. depth for the box type-.

2. There is some indication that the effectlveness of 1-3/4- and
2-in. depth corrugetions begins to fall off when a thickness of metal is

decreaged to 12 gage.

;W 5. The standard lap joint detail is not quite able to develop the
strength of the metal st ultimate stresses and the joint lowers substan-

tielly the effective elastic limit., Double bolting tends to bring the

effective elagtic 1limit back to normsd bub it has litile or no effect
on the ulbtimate strength in bending. The tests indicate that double
bolting increases the stress of the jolnt 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 torgque 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.-1b.)
appears to be a good one to use in practice,

6. Plate curvature had 1little effect on magnitude of extrenme

fiber stress.

Brrata, p. 50, Michigan lingineering Experiment Station Bulletin 109

Conelusion 1 should read:

i i i 2-in, box type corrugations in the
"Yhon using 1-3/4% and 2-in, circular arc type and - 1 ;
® / experience with the old type 1=1/2 in., depth material may be

ign of culverts X .
desig y having the same seciion modulus will give the

used by assuming that corrugations
game strength against bending."

Also, irn Conclusion 2, delete #1-3/4 and 2-in. depth" and replace by "all®,




DETAILED ANALYSIS OF CONCLUSIONS

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

gated metal structurss msy be designed on the basis of the section modulus,
one must show that if figured by the use of the section modulus the
resulting stresges correspond fairly well with those obtained in the tests.
4 study was made of Table 2 showing strain gage readings on threé-specimens,
viz. one 1-3/4-in. depth specimen, one 2-in. specimen, and one 2-in. box
section. If the published sectlon moduli are used the extreme fiber stresses
nay be computed.

These may be compared with the siresses computed from the obgerved
strains. At approximately the elastic limit the following stresses were

computed using the published section moduli:

1-3/4-in. corrugation temsion face - 58,230 psi
2-in. corrugation tension face - 53,570 psl
2-1n, corrugation compression ¥ - 57,830 psi
box corrugation ‘tension face - 44,750 psi

If these stresses are computed from the observed strains sgsuming

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

1-3/4-in. corrugation tension face - 37,800 psi
2-in. corrugation tension face - 45,850 psi
2-in. corrugation compression " -~ 47,700 psi
box corrugation tension face -~ 45,000 pei

Thus the two methods of obtaining the stress compare guite favorably.
A more indlrect 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 secamless specinens
in pure bending., Computing the modgli of rupture by use of the section
modull we obtain an average value of 860,100 psi with a maximum of 74,600
psi  and a minimum of 39,200 psl. 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 psl

For Table 15, Appendix, the valuesg ares
Seamless average 64,000 psi
maximum = 82,600 psi
minimue 44,200 psi
Al]1l these figures tend to show thait the published values of section
moduli give ressonable stress values. If now these tests are grouped
according to the type of corrugation we have for the moduli of ruptures
1-1/2~in. corrugation 692,200 psi
1-3/4-in, corrugation 54,300 psi
2-in. corrugation 72,500 pei
box type caorrugation 65,000 psi

These values are averages for 2ll bend colusm and pure bending

tests on seamless specimens,

2. Gage Efficiency with 1-3/4— and 2-in. Depth of Corrugstion

The fellowing table gives the average ultimate strength or modulus
of rupture obtained from all available geamless and single bolted tests on
the circular arc type sections under pure bending and combined bending
and direct stress:

Gage Depth of Corrugation Average Ultimate Stress

1 1-3/4 56,400 psi
2 75,900 psi

Aver. 66,200 psi

7 1-3/4 61,000 psi
2 71,000 psi

Aver. 66,000 psi

10 1-3/4 52,100 psi
2 71,800 psi

Aver. B1,900 pei

12 1-%/4 41,600 psi
2 66,100 psi

Aver. 53,800 psi
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From the above teble it ié 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 psi. It may be
that under ultimate stress the thin gage metal deforms to Suéh an extent
that the section modulus is not entirely effective.

For the box section we have:

Gage Average Ultimste Stress
1 62,200
7 54,200
10 52,100
12 52,000

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

the circular arc types although the same tendency is evident.

3., Efficiency qf Lap Joints - The tests for bolted and seanless
straight columns are not comparable because the former specimens were only
24 in. long whereas ithe latier were 52-3/4 in. long. In the other tests
the ultimate strengths could be compared because the specimens were other-
wige identical. The average ultimale stresses were as Toiioﬁss

Seamless Bolted

150-in. radius columa test (see Table 7, Appeadix)

78,700 65,400
%0~in. radiug column test (see Table 9, Appendix)
59,900 _ 58,300 _
150-in. radius pure bending test (see Tables 10 and 11, Appendix)
80,100 54,600
50~in, radius pure bending test (see Table 15, Appendix)
64,000 54,000

The "efficiency" percentages given in Table 10 show the lap joints
in a somewhat more favorable light than the ﬁitimate loade given above.
If the percentages given in this table for lap jointe are averaged for

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

For ultimate loads 97% efficiency
For elastic limit 79% efficiency

In other words the standard lap joint nearly develops the ultimate
strength of the corrugated metal but slippages and ylelding take place
which makes the elastic 1imit appear considerabiy_lowera

The lower part of Table 10 shows that for pu?e bending the use of
double bolting increases the lowered elastic limit about 20 percent bui it
iowerg the efficiency at ultimate load for pure bending by about 2 percent.
One very marked effect of double bolting is the reduction in tension bolt
stress (See Figure 31). For pure compression (the straight column test)
Table 5 shows an increase in the average ultimate stress due to double
bolting from 31,600 psi to 36,200 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 ghows an average efficiency

of the butt joint of about 75 percent at uliimste 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 column. Thus, under pure compression
the butt Joint developed the full strength of the section,

5. Bolt Torgue - Table 11 gives the bolb strains for eleven test
specimens under various loads up to 12,000 1b. All bolts were tightened
with a torque wrench to 200 ft.-1b., yet the recorded bolt strains wvary
all the way from 544 to 1,568. Assuming the modulus of elasticity as
29,000,000, the stress varied from 15,770 to 45,400 psi. The stress in

some boltg, 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 coefficlent of friction betwsen
nut and plate and between nut and bolt shank, at the tine the nuts were
tightened.

Table 12 shows the ultimate bolt torgue on the three types of
bolts used. The lowest value recorded was 880 ft.-1b. and the highest
750 ft.-1b, 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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Momend

}

Tangent of Section
Thin?us Leigth Angle Tnertia ¥odulus L}
i
in inshes |1n inchesiin dezreen :l.n."/in- 1n,§/1n. 'f
ITLI ITITFIS
2813 1.7265 | T1°36° 0.2773 | 0.2431 125
21793 1.7999 71%0! 0.1768 | 0.1623
+1345 1.8322 71%30! 01327 | 0.1244
V1045 1.8537 719301 0.1034 | 0.0983 )
2
N
]
Type U Unly
in inchea . a© E
125" ~5 T
r
1,9483 7. J ¥ L2l EBL TS
2.0217 ?
2.0540 &5 .
20738 P1ITCH |
T T -
Tangent wenet Séotion - T= THIGKNESS
Thiaknees Lenebis Angla Oi: . iledulus "
T T 4 Inerbis s RE=t-1/24 T
in inehes |in inchesiin degrees 4nohes in.3/ in. a N
+2690 0,785 49046" 0,1288 | 0.128¢
L1793 0,568 47°37! 0. 0841 0.0865 _
+1345 1.050 2603yt 0. 0630 0.0560 i D
1046 1.103 46°15° 0.0483 0.0520
¥
Ri 11787 i
" A
3 "
i# 8": PITGH ——3
1 2690 2.1 32%8° 0.0768 | 0.0868
3 2391 2413 32037 0681 | 0.0784
7 .1793 2.17 32%1! 0.0508 0.0686
10 .1345 2,20 32%10! 0.0382 0.0467
12 L1046 2.22 32%2" 0.0297 0.0371 i
7 |
a" o Plyeh -——uj
Tangent doment Seotion
Thiokness Tength Angle of Yodalus
L L a8 | I!l‘.’}ﬂIAL«‘?
in inohes {in inchaesjin dogress 1.8/ o iu.si in.
2744 1.7037 | 43%6’ 16488 | 1450
.1829 1.8080 | 4°50! 110741 L~ 0984
L1372 1. 8577 45°14.5" | o7976 0746
L1067 189025 | 4593%! 06166 L0585
P
1 +2650 1.92186 | 56%06° 08059 09123 \;
3 +2391 1.9445¢ | 565! .07104 L0170
7 21793 1.98¢60 | s6%32! L05236 L0626
10 L1345 1 2.02370 | B6%a8' 03884 | o452 A N
12 <1046 2.04542 | 569531 03001 03740
<

TABLE 1 APPENDIX
MANUFACTUREARS DATA ON SPEGIMENS
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APPENDIX
TABLE 2

CHEMICAL ANALYSIS AND BRINELL HARDNESS#*

Brinell

_ Roek- -
Specimen well B. Herdness C Mn 8 P Si Cu o,
Usz1pP B56 30 080 300 088  .0l6 27
UsZ15 B5s9 95 080 300 088 016 oR7
Ugz1p B66 104 090 ,.380 5042 015 . oR5
UszZ1s BB7 105 090 590 042 015 «2D
UsaTe BB&5 163 019 .028 026  .C06  .004
UsZ278 B59 98 019 .028 026 L0086 ,004
UBZ7S Bg4 101 .019 .028 026  .008  .004
UBZ108 B60 95 2019 .028 L0286 008  .004
UBZ10P B8O a5 019 .028 026 006  .004
U8Z108 B&b 103 019 .028 026 008  .004
REX1P B&s 107 05 .15 080 014 o432 .07
REX1E Ba4 101 04 L1 084 010 .49 .08
R8Z1P Bgs 107 05 .13 030 014 43 07
RBZLE Bs2 109 04 11 084 .010 49 .08
REXT7P B73 118 04 .13 026 011 oAd .08
REZ78 B73 118 04 .11 083 010 .48 .08
ReX7P BY0 110 04 W13 026  .011 44 .08
RBY7S B72 114 04 11 033 010 .48 .08
REX10P B72 114 056 .15 0256 010 .54 .03
REZ10P B77 124 05 .15 025 010 .54 .09
REX12P B73 115 05 .16 0850 L010 44 .05
RBEZ128 B71 112 L5 .18 .030  .0l0 .44 .05
RE8X12P B785 121 05 .18 080 L0190 odd .05
OR5X10F BT71 112 No Data
ABZ1S BEg 90
ARYTS Be7 105 Typical limits - No sp901f10 data
ASXTP B&O 95 - for this group
ABX108 B72 114
ABZ10S B72 114 ) ‘
ABZ128 B&8 107 .02 01-.02 015~ 003~ 04~
022 007 «05

ABX1ZP B58 9
ABZ128 BeY7 105
QASY12P  B&7 105
OABY1R2S B8&3 99 .

Typical analysis Bolts
Type U Bolts o188~ B0~ .06 mex. .04 max.

223 .60 '

Type R Bolts 258 .39 .66 .033 L0119 el
Type A Bolts 289 48 .80 043 010

*Note:

Ghemlcal Analysis data furnished by Manufacturers.

Brinell hardness of plates performed by laboratory using 500 kg. load

and 10 mm. ball.

Bolt hardness
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APPENDIX
TABLE 3 4

PHYSICAL TESTS ON PLATE SPECIMENS
{by Bureau of Public Hoads)

Hodulus

3 Yield : :

Specimen : Strength H Ultimate : of
Ho. H Offset H Strength H Elasticity

3 205 percent H 3

X Posie : P.g.i. ; % 10°
UsZ1P 30,444 49,427 30,393
U5Z215 29,1568 48,020 29,725
UBZ4LP 32,374 50,000 29,247
UBZ15 29,675 50,387 29,061
UBZYP 39,781 48,728 30,842
UBZ78 43,255 51,394 30,265
572108 58,784 52,026 32,089
U3z108 43,153 56,348 32,241
Ave. 55,828 ‘ 50,801 30,455
REX1S 31,849 48,288 28,804
RBZ1S 54,530 42,378 29,783
REZT7S 44,787 52,0563 29,497
REXTP . 42,857 54,416 28,529
R5Z10P 41,250 5G,764 30,119
R6Z2128 45,455 52,196 28,633
ReX12P ' 44,007 52,862 29,481
OREX10P 39,8867 49,600 28,525
Ave., of
new plates 40,669 51,422 29,264
ABZ1S 20,430 41,219 29,885
AZXT7S 31,3380 46,183 30,676
ABXTP 35,196 43,296 29,707
ABX103 38,925 48,154 29,045
AB7125 24,773 41,681 28,471
ABXIZP 4 24,091 41,182 27,049
0ABY12P 46,225 53,287 31,357
0ABY12S8 43,363 51,1507 51,907
Ave. of
new plates 29,133 43,619 29,289
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APPENDIX
TABLE 3 B

ADDITIGHAL PHYSICAL TESTS ON PLATES AND BOLTS
{by Bureau of Public Hoads)

Yield Tension Tests Rockwell Ferdness Tests

Specimen  Strength Reduction Elongation Small Tension Specimens
No. Offset in Squares After Tests

10 percent Area, Tested by Grip Reduced

P.g.i, Percent Percent Michigan  End Section
UsZ1p 31,519 67 33 B58 B58 B79
[EYAR 30,454- 88 37 B59 B53 B79
geziP 85,453 70 . 24 Bse Bg3 BT7
UeZ1S 51,769 72 52 B63 B66 B&2
UEATE 40,328 57 18 _ Ba&o Ba3 B74
ULZ7S - 42,140 5L 25 B&2 Bs4 B74
UJ52108 40,878 48 ER:] B4 B6S B78
UBZ108 46,220 46 i8 B65 Beés B78
Ave, 87,032
REX1S 33,219 88 55 B&s B55 B74
RBZ1S 34,876 69 32 B&O B85 B78
REZT78 45,053 83 22 B64 B70 - BYY
RBXT7P 44,498 62 21 B&a Bes B74
R5Z10P 43,472 65 28 B72 B71L Bsl
R5Z128 - 56 25 B74 B89 880
REX1ZP 44 544 59 18 B6E B71 B74
OR5X10P 40,800 58 <8 B6o Bas B74
Ave., of

new plates 40,943

ABZ1S 20,789 67 41 B48 Bsl BTl

A2X78 33,817 58 23 B59 B56 B64
ABX7P 35,307 85 31 B63 B56 Bs6
ABX108 38,762 54 26 B8O B59 B74
A5X128 25,153 64 28 B40 B41 B7L
LEZ12P 24,275 62 35 . B33 B45 B70
0ABY12P 46,583 45 18 B87 B68 B72
OABY128 43,717 45 18 B&7 Bs4 B70
Ave, of

new plates 29,681
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APPENDIX

TABLE 3 C

CHEMICAL TESTS ON PLATES AND BOLIS
(by Bureau of Public Roads)

Identification . Chemical Analysis, Percent by weight
No, * ¢ S Mn P 81 : OCu :+ Mo
PLATES
U5Z1P <08 .0%5 .28 012 .00l R4 -
UBZ1P .08 .035 .25 L0153  .003 .25 —
U5Z7P .03 L025 .024  .004 L00L .00 —_
52108 .02 L08L  ,0%%  .003 001 .00 —
REX1S .05 012 .12 .004 L0001 .50 .08
REZ7S .04 016 L10 002,002 A8 .07
R5Z1R8 .04 018 .12 .007  .002 52 .07
A5X108 .02 .08 .015  .017 Q01 .03 —_—
ABX12P .02 019 .017  .008 .01 07 —_—
OA5Y12P .02 L0380  .044 004  .0OO 11 —
QA5Y128 202 083 042 005  .002 .12 —
BOLTS
U - White (1) .16 027 .53 2008 002 .08 —
R - Yellow (1) 42 036 .75 019 004 0B -
A - Green (1) AR L02% L7 011,003 01 _—
TABLE % D

PHYSICAL TESTS ON BOLTS

Company 3
Submitting Stress Tension Rockwell Hardness
Specimeng Pes.di.
Ave, of 7 Ave, of 2
United 80,057 BB2
Republic 137,887 B10G
Armco 129,779 B38
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APPENDIX

Losd in Verbionl Deflestions {Thousandths Inohes) Hovizontel Dofloctions (Thousandths Imchos)

Thouzana Lo BUUE Ok TTFE & TVEE R TYPE I TYFT GR T L TIPE B TWEE

Pounds 1ges 7 goe 12 ge. 1 eae 7 ogne 12 gas Lgar 7 ga. 12 gag A gar 7 gme 12 ga. 1pa, 7 gas 12 ga. 1 gos 7 gor 12 gas 1gas 7 ges 12 pa. 1ge. 7 gne 12 gs,
16 40 42 ag 51 74 37 39 5 39 57 52 114 13 17 26 ] a 18 z 13 17 ] 4 a
20 &2 56 A 5 96 55 B4 &9 40 ao 7% 132 6 35 56 & 1 35 7 9 27 Q 0 [

. 30 78 66 108 77 Ml 73 &5 83 7 24 &6 1a8 50 44 9% 7 5 61 13 17 36 4 g o
40 97 a7 138 88 1% g2 74 95 97 109 10l 166 a7 T8 161 17 1 87 hi % 52 1% & ]
50 13 98 186 8 135 1z 82 107 1ig ng 1z 180 N7 124 352 20 1 160 75 32 76 % 1 6
60 126 107 275 107 pEES 153 91 115 135 129 121 194 145 140 5Bo 23 22 250 29 37 93 21 b1 1
70 138 120 @60 117 158 250 99 124 164 137 131 209 wr i85 @50 23 25 €50 39 3 145 27 20 23
80 152 133 175 164 i04 133 183 45 138 221 220 224 3g 35 40 45 262 33 24 32
90 168 1gp 134 172 111 i 245 igy 148 232 280 290 34 42 ki) 56 460 38 2 AG
1c0 190 197 11 178 118 148 (5] 161 155 246 3% 355 36 50 51 63 a9 42 33 £l
120 222 260 158 198 129 164 176 170 303 3%0 480 LE] 0 &3 7 13 43 340
140 @lgy  d1ie 171 218 140 b 1By 183 @120 8107 8110 5% 100 % oL 61 57 120
%o 193 258 50 198 156 200 75 145 g2 107 72 8
180 225 @150 5y 211 z1g  2E0 105 @50 108 40 % 152
200 [T 169 836 223 256 a170 132 155 W1 265
220 Wh  wis0 235 wlgg G 2190 136  @igd
240 197 258 244 209
260 208 28z | 360 3i0

4 &
w250 8250 FIATE DEFLECTIORS DUZ 70 SOLTMN LOADING -~ TEST #1 w250 az50
Load ané deflection values beyond ulilmate
Noto: The £izal emtry in emoh solumn 3¢ the ultimate load in thousand pounds. Plain Speuimens - Ho Curvature 1nad ars shown on Losd-defhectlon curves.
1
i
STHGLE ROLTED . ' SOUELE BOLTED
Load in 200 b, f. belb berque 300 M. £, borgue 100 b, £, sorguo 200 1b. Fb, Lorgue
Thousend TIEE & TIFE TE 0F TIPS O TR & TYPE GL - YR & TYPE
Pounda 1gas Tan. 19 ga. 1 Eas 7 4ae 10 pe. 12 gBe 1 zes 7 gae 12 ze. 3 ge. T gee 17 ma. lras 7 pae 10 go. 3 gee 7 Eoa Y gae 7 gme 12 Ens 1gms 7 cas
10 1 3 1 2 2 1 10 1 2 3 2
20 2 5 [ 1 2 1 4 31 z 3 g 31 3
30 H 15 23 2 z L 30 50 T 5 20 4
40 123 a5 108 3 2 18 53 9% 17 & 32 6
50 28 45 194 4 4 30 72 1y 127 173 5 43 147 77 6 43 32 a1 3 1 1
&0 34 &1 362 5 16 86 9 247 214 103 61 118 i
70 21 10 550 4 54 77 117 439 251 124 152 1 2
&0 29 136 780 19 76 1461 159 fles] 271 137 io 741 <] 28 4
90 28 ¥o o 38 97 129 237 et 28 1 z12 #80 3
100 &85 218 45 331 ine 364 223 159 185 77 187 294 165 257 1i1 A9 95 25 23 4
110 B4 2a% 35 130 257 650 367 305 283 328 531 g
129 106 283 s 148 1% 750 100 2104 318 207 262 144 @15 4% &
130 138 330 19 i73 560 @116 197 143 3ed 238 2120 138 B
240 184 305 & 22 o3 230 14l Jaa 273 234 70 0
150 203 (4D w0y 230 255 186 @140 209 2 319 297 48 67 iz
150 252 18 271 265 @15 1150 382 106 14
150 358 166 431 347 w160 138 22
200 05 22y Ti 274 ey @180 295 @ibo 95 32
220 199 283 eigg 280 270 G200 ' a3
240 419 288  uzio 145 a8
250 38 296 - 165 8240
280 250 309 SLYPPAGE T BOLTED SEAMS - fEst 42 229
300 . . 372 ¢80
320 Hotet The finel exmtry in soob column 372 hverags Yartieal Movement {Thoussndbhs Inchos)
340 iz the ultlunto leed in thousend pounda. 356 Wortioal Doflestions
60 330
FLAJE $ERCTMINGS BOLTED SPECIHEHS
i;f“‘ in THRE U TITE R TYPE A TYPE OR | TYPE OA TYE u TR R TYFE A SRR (R TYPE OA
Pounds 1gae 7 ga. 32 ga. 1gns 7 pas 12 pa. 1pa. ? gay 32 gael 1 pas | 7 zes 12 za. lga. 7gne 32 pa. 3 lga, 788 12¢a, | LgaeVgee 2 gael lgm Mged} 7 ga. 12 g,
[ a L} o o o o 4 a o o ] o a o a o [ o o a o o ] a o
2 7% 106 54 103 104
4 EART IS 1o 16 147 141
g 139 362 202 70 &9 97 78 g3 137 120 123 ;gg 51 128 7% 90 1if 95 8o &8 125 168 1a5 359
it 205
i 146 158 241 125 2?:3_; 251
1 158 209 248 w7 307 122 1ic 120 167 184 175 278 174 194 230 114 136 153 125 115 146 192 283 225 294
iz 186 15 320 165 342 375
1z 212  za3 276 134 131 1% 139 145 243 235 230 428 219 297 330 s 373 .fo0 180 140 195 255 466 300 =Bz
20 232 268 306 161 165 185 W7 1T 314 296 284 @15 259 264 3% ipq 212 248 180 175 242 315 £42 380 #l3.8
25 260 295 329 188 1@ 238 195 200 Wif.y 366 360 292 299 410 234 258 330 215 205 ©if.l 405 @ 16 485
30 ?7F 3Ry 360 211 2B 342 223 222 446 403 34 335 500 277 310 24l 245 280 617 853
38 303 346 397 235 260 # 28 255 250 20,5 355 377 568 328 370 e,z 298 344 27 [y 84
40 327 36 o7l 260 310 2 2775 @ 30 384 460 e30.8 %2 Eja 397 wid.8
a8 344 37 284 849 432 374 480 521 456 maz.d 0]
50 365 A2 & 40 308 @48.6 @ 45 344.6 451 ©40.8 540 @41,8
g4 382 aar 336 ABS 13z
60 402 472 356 535 @52.3
65 424 o4 378 &56
70 442 5af 407 @ 65
75 442 452
i 485 % 70 gaz §
gg 553% @797 VERDICAL DEFLECTIONS FROM TEST 3 - 150" RADIUS COLUMIS
133 ggg Doflestions {Thausandths Tohes }
05 430
118 670
el 708
i:g ot Nobor Tha rinel swory 4m ench oolumn 3a he ultimate load in Shousand pounds.
#1223 I
PLATH SEECIMENS DOLTED SPECIMBNS
?,z:ﬁﬂmd TYPE U TIFE R TYPR A TYPE GR| TYFE CA TYPE U LI R TYFE A TYFE O IYPE Qn
Poundg 1gns 7 pay X2 gos | 1gas 7 gae 12 gay | 1 ga. 7 gee 12 pay |71 gas 7 gae 12 gas | 1 pas 7 ga. 12 gas |1 pas 7 gay 12 pas 1 gre 7 gae 12 gae | 1 gas 10 g | 7 gaa 12 os
a 2 o a o 2 2 0 Q a 9 [ o o a o o ] o a o 9 o o a 1
F 45 9% 35 305 1496
4 g 175 8 190 202
5 24 30 Te 42 23 1oy 124 40 Jite] By 40 25 144 120 hicte)
& 137 266 290 318
8 178 1o 373 163 387 451
10 8 72 137 8 &7 228 235 221 481 82 114 185 91 B4 2e% 220 Ayl %0 622
12 278 %8 5% 210 £43 ik}
i5 43 75 106 203 128 1:0 435 352 340 969 42 58 il i3 iye 277 128 683 340 241 40 1518
20 95 i6r 148 266 Wwe a8 T2 A58 503 aig 79 104 167 185 246 420 179 222 @17.1 &% 113y 581 @©13.8
25 3 1% 130 Wy 398 215 198 #16.7 620 go1 1§ 161 310 244 321 652 238 330 725 @ 16 785
30 60 210 157 236 o 259 245 91z 3E2n.p 156 239 618 71 440 1039 35 GO 1370 1139
3% 8 310 3 302 eed 319 300 P04 369 3IE 413 598 =28.2 460 Tex @27 7.5
i g1 15 578 212 410 437 390 @30 259 901 @30.8 541 99% 769 8348
28 34 146 : 238 939 865  Bia 321 40,8 686 @4z,8 1332
. 50 1 180 @4¢ 267 4b.8 a4 44,8 395 89z ©41,5
. 35 65 217 30 483 1415
&0 - Ba 261 332 626 @52.3
&5 04 323 377 1ody
il 2 433 431 e 65
= 140 546
8o 165 €70 B30
i 85 180 @157 BORIZONTAL DRFIECTIONS FROM TRST #3 - 150" RADIUS SOLTMES
- 30 220 ;
E 250 4 Dafloctions (Thousandvhs Tnohes)
100 300
105 33
110 370
118 405
120 470
323 Roter The final entry in each oolumn ia the ultimabo lsad in thousand pounds. Load and deflection valuss heyond ulbizeto load Are sbova on logd-daflechion curves.
513 ] L i ok ! i
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APPENDIX

PLATH SPRCIMRRS BOLYED GFRCIKENS
Load dn TYEE A TTFE Q4 TIPE R TAFE 0B 2UER Y EAPE A4 TTPE 04 ITPE R IYFE 0B TYFE T
Pounia 1gme 7 ERe 3P ges T gas 1 gne ¥ gas 12 gha 1 Ea tges T osee 12 poe Igss T pas 12 ga, LY Lges 7 gae 12 gas Sgee 1 1ges T oge. 12 ga
126 300 208 97 X6k 99 81 141 132 283 178 78 128 120 61 112
1.5 227 186 a2 345 184 151
2.0 108 218 408 328 1Y 168 299 185 o8 146 231 126 212 437 402 80 197 235 244 116 ab 178
2.8 715 3f2 272 260 565 294 224
3.0 321 @2,8 465 244 454 268 203 314 307 dog 516 200 355 125 252
35 529 352 341 1158 40 284
440 192 397 54z 180 306 61 334 99 250 385 223 355 83.5 751 143 257 470 457 260 160 316
&5 701 424 438 . 540 357
5.0 469 733 76 930 AL3 292 50 518 995 k] 807 580 214 423
& 281 40 953 212 437 1190 506 137 32 517 343 647 1429 ni 38 H00 781 44 273 L5
7 837 1108 501 e5.s 528 353 Fud 8490 €6.0 447 930 1183 353 763
8 #3682 86.5 70 E73 818 wi ) é7 a8z 1146 280 515 6w | &3 496 ag4 1040
9 1045 £52 950 416 735 1510 608 581 122G
10 487 @90 383 16 &85 207 447 a4 731 e %7 707 806 70 @8.4
1 852 476 822 37
iz 601 410 985 246 509 1076 449 103} T4 1236
11 a12,0 E4) 1280 1ai0 1680
14 1019 ars 280 sBa G130 535 813.0 832 €13
I 11855 s40
16 814,50 5aa 312 ;zn 644 596
17 A7
18 645 920 798 1247
19 el7.4 91
Eul 8o5 392 10{1;; 02359
22 1090 324 —l 11
24 22,0 472 TABLE 8 e21.0
26 244
28 640 HORIZONTAL DEFLECTIONS DUE TO COLUMH LOADING = TEST #4
o 919
3 & Indiowtes macimm load in Hrowsnod powads 1050 Bofloatiens {Thousendbhe Inches}
3,4 .
l % - I—
Load in PLATY SFECIMES JIGLTIED STECINENS
Thousand TIFE A TYPE 04 W R TYPE R TYFE U TYIE A TYPE DA JYFE R TIPE GR TYPE T
Poundy 1gn. 7 gn. 12 o 7 gas lga. Tea, 12 g 1 ge. lga. 7 zu. 12 goo 3 gas T ga. 12 pe. 7 goe 1gn. 7 ze. 12 gee I ogag 1 ges 7 gEa_ 32 gae
1 184 380 265 7 704 145 109 195 187 243 222 121 149 249 122 162
1.5 463 283 253 247 3o 213 232
H 157 293 760 415 143 20 365 268 105 B2 317 76 296 485 45 136 zop 778 394 wé 194 288
2.5 1100 446 373 157 s27 336 360
3.0 Az4 82,5 588 294 £39 362 2853 426 [3%] 903 644 276 399 257 408
3.8 430 482 261 1180 457 459
275 314 733 239 %9 723 a5z B 315 552 275 Blo @3.5 829 227 343 520 &17 36 303 S04
45 825 593 266 595 £69
E 610 922 458 1096 555 376 £52 643 1094 393 668 793 7L B64
& 385 699 1210 321 527 1240 £68 239 221 762 434 804 1626 308 478 a78 °%0 sed 444 i
7 818 1429 S0L  @%.5 821 472 18 1027 aé 557 ii8s 1493 gag 1154
8§ 485 107 85.5 a4 GBS 1055 98 521 1@ 88 1380 3y 629 ef 1610 a1 655 1280
9 1390 700 1289 576 1280 1650 130 7.5 795 1500
10 616 €9.0 458 997 88,5 358 628 &8,4 854 @9 Aflg B840 765 983 5
11 1010 677 964 1195
12 788 584 1175 421 735 1324 582 19 S0l 1536
13 a 12 792 1530 1600 1640
14 1279 B4 a76 Bas a 13 &6 #13 o4l € 13
5 1440 935
16 814,5% 758 27 1038 194 1224
17 1205
18 879 585 1360 954 1811
19 17,4 1958
20 1084 642 izg9 1790
22 1140 712 l 480 ]
N @ 22 769 TABLE @ @ 21
26 85
23 990 TERTICAL DEFLECTIONG DUE TO COLUMN LOABIHG - TEST 44
30 1257
1405 Daflootians (Thousandths Inohes)
3304
* Fodionkes maximnm load in thousand pounds.
|
yoad in, VPR ¥ TYFE R U OR TIEE A TYPE CA
Povnde I gk T gar 30 EOa 12 Fa. 1 ga. 7 &es 0 ga. 17 Eas 1 £as 10 goe T ERe T En. 10 za. I7 o 5 ga.
[ o a o G [} a o o o o [ o i o
1o 73 95 143 215 51 &9 100 122 102 178 4 117 152 277 191
2.0 136 174 246 183 % 135 184 227 231 404 126 209 269 455 a8
3.2 178 241 320 562 141 203 273 361 330 562 185 300 398 1833 62;
3 12
4.0 219 250 376 600 i77 269 352 Aga 435 762 240 378 57¥ 2500 1650
4.5 3.74 2230
5a0 256 343 438 576 217 342 445 598 546 1036 299 494 1088 & 4,7
b 290 385 493 %8 253 434 540 1250 654 pr i 376 666 2734
38 397 549 857 286 520 651 E8.07 1187 2230 479 104 3150
324 450 407 1208 319 635 827 2883 f 6.1 4oy 2265 -]
371 567 661 1500 360 a3e 1243 4000 860 3150
10 403 559 798 8.4 407 1219 1850 8.5 1528 8.4
i1 430 611 1054 483 2045 B9.75 2664
12 452 &76 1750 507 2600 2868
13 4088 763 @11.8 58% @11.5 4850
14 514 952 621 12,1
15 5% 1513 707
16 S5 2491 i
Ty 525 3050 1202
8 675 @l6.6 1é00
19 700 2200
20 76 @18.9 -
;; g}l’g VERTIGAL DEFLECTIONS FROM TEST fi5 ~ 150" MADIUS FLATH MEAKS
23 13 : .
3 i Tétleotionr {Thousandthe Inches}
25 1371
26 1658
27 2341
2 2947 Novor Tho fiaal omtry Lu ouch solum v $ho ultivabe load in thnmlmnﬂ poundsa
H
ATHALE BOITED DOURLE BOLTED
Load in
‘fhougand IFE T TIFE R TYFE & TYFE OR TYPE O IER TYPE A
Pounds [ 1 gas 7T £as 10 Eae 12 Eas 1 gas 7 gns 37 ga T gn. 7 go. 10 ge. 12 gas T gas 10 Bas 17 ge. TEas T gas 17 gos T gas 7 Bar 10 gar 12 gae
0 o Ll ] o o a a [ o o bl o a o ] a 4 0 ] o o
1.8 8 ] 91 128 89 50 151 74 37 17 176 102 286 1ns 75 1y 139 107 [ 1785
1.8 . 238 420 27 215
2.0 106 e 185 221 99 168 274 155 231 31 349 205 588 694 125 212 21 184 164 354 494
2.5 394 708 31 813
3.0 182 goz 262 347 148 258 a4zt 230 34i 512 &89 327 887 1280 176 302 S 270 301 B0 1768
3.8 598 1ice 1878 504 3548
4.0 271 277 aar L 209 341 55 311 470 42 1ga0 424 1347 3000 214 372 99 332 396 819 @35
B35 931 &3 1767 a3.8 B3
5.0 276 376 459 a0 256 435 836 416 641 1226 566 3042 %6 57 836 A09 A94 1824
6 w6 53 686 916 319 546 100 389 700 Wm0 711 3500 301 534 1181 315 678 &5
7 8 718 301 1417 383 640 1600 856 1258 eB.T 1l40 852 346 €26, 540 58 osn
a8 430 945 71 2300 456 18T €h8 1220 2354 1895 402 13 7.0 948 1420
9 493 1342 1930 @&7.5 539 971 1680 3000 34 465 1092 1580 2815
10 583 gz299 300 686 1272 2574 @84 4000 518 1803 2272 89.9
11 &94 3636 4050 735 2667 3934 @g,2 By 2831 3500
12 806  44D0 ©10.3 394 2400 4100 665 3400 10,5
13 911 eil.8 1094 B11.9 @111 778 @li.z
14 1050 1214 46
5 1230 1447 1203
16 1505 1723 1668 Hotel The final enbry in sash selumn ia the
17 2120 23689 DEFLEGTIONS PRCH PBST 45 - 150" RADIUS BOLPED BRAMS 213g ulbimate jond in Shoussnd pounds,
iﬂ i;gg ﬁgil 28;14 Loud_snd deflection valuos Drpond ultinats
2?1 816,68 8150 Darleotions _(Thwa"““h“ ushes) a19.0 load are ghown on losd-deflectlon ouvves.
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APPENDEX

N FLAIR SINOLR BOLTER DOUSLE BALEED
g:ﬁai:d THFE T TYPE R TYFE & TIFE ¥ 7R R TTPH & TYFE B TIPE A
Pounds 1 goe 7T gase 10 gas 12-gacf 1 gas 7 ga. 10 ga. 12 gae il & gas 7 gee I0 g6 12 goe] 1gee 7 gae 10 goe 12 EBs} L gae 7 gae M2 gan i 2 gas 7 goe 12 goo § % gue 7 gas 12 gao] L gus 7 g0s 10 gas 12 ga

[ [} a [ o [ ° a )] 9 6 9 9 6 o o [ ¢ 0 o [ [ o o o L] o o 0 ¢
‘. 1 ] -+ ] 5 2 3 3 6 3 1 3 1 & 6 4 2 H g1 6 1l E 4 16 14 a 15 21
2 5 35 0 5 3 4 é 7 .5 4 5 736 3 s 11 10 2 a1 36 B n 44 73 22 1 27 4 15
3 5 F [ 25 4 8 A5 1.8 6 24 1014 4 28.5 17 a1 T 32 90 3K 7 4% 3 £ a5 15 124 1295
4 5 4.3 5 5B 5 18 3 98 M 14 73 2388 8 4.5 28 g0 2 g5 16 41 18 @HF ELI TR ] 68 5 268 @ 3.5
5 5 2.5 1 78 532 42 00 19 46 283 .e%.74 LU 48 83 27T M 92 208 4 68 3¢ |0 $3 1133
6 H 45 6 115 6 64 T4 1964 44 109 754 20 38 95 182 40 113 458 152 4l8 49 78 5af 157 205 €5.9
T H B 48 184 8 111 169 @507 76 310 €6.3 a3 18 158 379 E7 174 @58 | 128 Bo2 58 139 1823|252 409
[ B .5 54 853 12 14 322 150 175 43 383 dos &5 78 250 61z 2805 73 207 €7.C 476 904
9 B 95 78 884 13 364 1031 376 e8es &6 815 1157 107 458 1052 6B.4 o8 964 2138
10 6 23 307 32 940 85,75 3192 1000 2129 2864 150 B34 2058 1% 1137 né9z B9.0
n g goy 2043 7682 157 3050 610.3 218 ialy 3574 150 2177 810,58
12 4 6o Bl 84 Bl1.5 4583 208 4872 288 2735 Bil.x 186 €11.2
13 19 87 8 22,1 282 211.5 387 €11.9 256
14 25 1ga 125 k) 540 368
18 32 620 187 510 753 583
15 44 1590 378 685 1033 890
17 64 @186 766 1196 1750 1414
18 79 1384 2377 2696 7276
1% 28 2544 818.3 3871 3318
20 121 218.9 619.0 £15.0
2% 142
22 186
23 245
24 327
gg gg; RESIDUAL VERTICAL DEFIECTIONS FRGX TEST #5 = 150" RADTUS BRAMS
27 1412 Pormsnont Poformstion { Thowssndth Inohes)
% e Hotor The fimal smbry in cash nolumn o tho wltimabe and iu thousand pousde.
] | |
Load in
Thouaand TYFE T TYFE R TYFE OR TYPE A TYFE QA
Poundn " T za. T Ea. 18 za, T gan T en. ¥ EOe T3 zar T8 2or T ees I3 ga. T g 7 Bllw 1T go. I7 gas 12 zn.
o 52,32 52,25 52,04 52,28 52,55 52,33 52,31 52,36 52,03 52,13 5Z.27 52,44 52,25 52.27 52,48
1 234 »29 2,127 «36 W58 =37 32 .38 W06 ’;’; »79 . 29 o34 52
1.5 C .
2.0 .39 .33 -39 A2 1t .38 »35 .42 200 gg 32 50 32 LH0 256
2.5 .
3.0 36 234 221 +46 +60 +41 +337 «45 413 *35 33 52 35 +60 62
38 o3 -7l <70
4.0 .38 .35 423 a8 W61 -3 =42 +50 16 39 34 +53 +42 & 3,74 .78
4.5 a2 & 4,7
5.0 39 .36 .25 50 52 45 A% .89 19 45 36 56 .52
L] +40 37 «27 <52 «63 48 47 s} +23 «50 .38 .58 .75
7 a2 39 »28 <54 64 «50 45 @ 6.07 W37 8643 40 66 B &3
8 43 AT £31 250 -3 .5 55 63 .43 .79
g 44 o4l W32 & 8.4 67 1 64 & B.5 A7 & 8.4
10 45 42 34 %9 G BT 52
1% a8 82 40 0 . .75
1z '3 ey 211.8 .70 @11.6 »74
13 A7 45 A72 @12,1
14 .87 49 74
15 8 58 .75
b3 48 ) W78
17 +48 6.6 .84
ig :gg 53:23 BORTZONTAL DISPLACEMERT TROM IEST #5 - 150" RADIVS FLATH BEAMS
2 o e18.9 Ghord Tesgbh {Tnohes)
22 54
23 .56
24 WE0
25 B
26 W57
7 76
28 52,83 Wobel The f£ipal outry in each colwm is the ultinate load in thowund pounda.
] E
SINGLE BOLTED DOUEEE BOLTED
Lend in [™75 TYFE T TR R TIPE A Y OB TYFE oA TIPE R FYPE 4
Founda Lges 7 gne 10 ga. 17 pas 1goe 7 gas 12 go. Lgar 7 gar 10 gar 17 ga. 1 gaa 10 gas 12 gae 1go. 7 gae 12 gaa 1gas 7 gne 10 ga. 12 g
o 52,42 32.32 52,17 5248 Hl.94 52,12 52432 52427 52439 B2.25 5236 5l.63 5187 5167 51.61 852,20 52.06 51.94 52.45 §2,23 52.25
1 A4 034 .24 39 - U o200 42 .29 «38 6 97 52,11 6 223 .16 W95 .48 .28 28
1.5 -32 2400 119 i
2 o2 W36 .30 43 B S .30 .43 .3?, +43 69 tﬁ 18 S5 .25 .20 B2.00 .50 .38 32
2.5 +3 . .23 »39
k] ) 38 .32 A7 52,00 .18 .24 432 4% +3% . T2 W 230 W47 W26 W23 W0 W53 o34 52
3.5 4L 839 420 37 »28 W61
r 49 3 234 A9 o1 2O 226 35 <48 -dg « 75 «28 3.8 W70 220 w32 W02 55 4L 815
2.3 od 134 W33
5 W51 .43 437 54 #0% .23 239 438 «52 «53 «Ba <55 72 «33 +37 «03 N 4
& 52 S 445 W&a 08 W25 242 +41 «57 5.7 B7 852 72 »36 a4 08 65 85,0
7 = -84 +53 275 WOt 29 26.8 148 «54 52.00 o3 +39 N .11 .
8 .58 60 Bl BB L11 .32 «54 T4 14 5 «45 B0 W17 »72
9 <57 .72 W81 .4 «35 58 88,4 39 78 55 25 =Ba
10 5% .93 -53.06 A7 g B 89,2 9 WBR W40 63:0
11 B3 5311 8 10.3 £20 «54 =74 53 «83 10,5
12 &7 .8 +25 @lLg LT +84 8112
. 13 70 30 87
14 14 35 92
15 ;3 -3} 52,02
16 87 52 .13
1; ;3.52 -gg BORIEONTAL DISFLACEMEWT FROM 13ST #15 - 150" DATIUS BOLTRD BRAME »;g
1 5331 . .
1y @1B.5 87 Ghord Length (Inchea) s
20 819.0 @ 19.0
£
Load snd deflection valnes beyord ulbimate load ave ehonn on lomd-deflsction ourves. Nobe: The final entey in cnch oolum: ie tho ultimate load in Shousand pounds.
i .
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APPENDIX
FLALY SPEOIMENS BOLTED SFEGIMEHS
?f“‘i = TYPE A TYPE OR TYEE R TYPE T TYFE 4 TYFE R I7FE R TYPE ©
Pounds J1 &ne 7 gae 10 gay 12 gas [ 10 zae 12 zes |1 gae 7 g2+ 12 gas l‘ga. T &8s 10 gas 12 gae | 1 gas 7 Eae 10 gee 12 gRe] 10 gro 12 20} I gae 7 gar 12 gae §1 Eas T gas 10 gae 12 ga
1 71 88 142 155 4 341 55 71 108 63 ™ & 1z 74 119 160 189 @25 giz % 110 132 38 13 1S54 i3
1.5 241 284 765 698
& 1w 158 247 390 72 160 95 16 208 | 108 130 180 zo4 137 221 316 ggé a4 14131821 90 189 260 § 163 171 2ag 287
2.5 am 1098
3 ¢ 38 236 366 94§ s41 1311 | 136 178 305 p 15z 1y 2y 243 213 37 49 ngg 461 i;gg 136 275 371§ 155 247 34T 41
3 192 2425
4 230 302 S0 3209 715  ®Rs | 165 23 430 [ Iy 222 21 361 28 433 689 gﬂog 955 g;ﬂg 3 335 496 | 1985 32y 425 504
[ 3456 - o
I 278 388 726 @4.7 | 1089 STl 198 emy G01 | eea 27 330 A3 366 579 1218 2405 221 417 604 | 227 406 530 66D
& 337 Bos 1473 2365 234 339 1i3e | 260 316 380 500 Ios B3z zoop 3100 277 524 1317 { 275 EoR 686 g0l
1 a5 700 2300 3500 268 207 3oGe | 288 353 Ay sy 666 1139 25,8 a5 11 641 1950 | 318 o0 B4z 1163
& 430 1182 2700 a0 297 474 #4400 | 314 386 470 651 857 1763 405 761 @6, | 356 708 l0n2 1543
9 589 1750 #7.3 ) 3231 543 @7.6 | 341 422 5l9 90 {1131 2800 493 1007 394 Bag 1389 8 3
10, B39 2200 283 734 372 A48T 580 @9 1491 88.9 380 1363 Ash 1656 1561
11 1356 @9.4 396 1112 395 503 664 1959 659 1785 513 1403 3796
iz 2455 444 1493 424 E5R 899 2478 Ti9 2400 557 1836 e L
13 4113 so5 2821 445 G4z 1300 3400 952 @ 12 622 266
14, 4700 s2y 431K 465 700 @ 13 aay 1072 713 3850
i5 213.8 535 813.0 494 934 1277 826 & 14
16 $42 416 1716 1452 237
17 742 550 3050 1767 1158
18 883 588 @ 17 {Bolt} 1440
19 1094 615 Failad 1765
20 3495 653 &n
21 2315 b6
22 3500 740 TABLE I5 !
23 [ 789
22 366 ]
25 914 LOAD-DEFLESTICK bATA FROM TEST #6 - CORRUGATED FLATE 50" RADIUS - BRAM TEER
1066
2? 1284 Vertlasl Pafleotiona {Thousendtha Inshes)
i 1878
79 237
30 2764
31 3881
32 4813
37 5250
2328 Yoter The final entry in ench coluzm in the ultimate loed in Shousand pounds.
FPLATIN SPECIMENS BOLTED SPESTMENS
é’fﬁs: 4 PYPE A TYPE R TYPE ¥ TYFE & TYPE R TYFE U
Paunds Igee TEMe 1O EAn 12 goe |1 Poa 7 Z@a 12 gas 31 BB 7T gBe 10 gds 12 ga. I gae 7 pre LMD ga. 17 Rl T ga. 7 ga. 12 ga. Lpgas 7 gns 10 gas 12 gae
0 o a 2 o a a o 0 [ [ o 9 a 9 0 o 9 ] o 3 o 4
1 13 a o a 3 o 2 g Q¢ 2.5 3 Q ¥ 28 9.5 5.5 13 Q 1 31 17 ]
1.5 33 12.5 o
? 13 o o ] 4 0 4 8 1 a.5 6 z 18 44 29 1.3 18 0 & 80 7 32
2.5 164 278 L]
3 13 o 14 252 3 o 18 ) z 6 ] 15 44 183 12 1 25 25 7 9 P 25
3.5 204 23 43
4 17 5 72 2411 3 4 &4 7 14 8.5 95 27 i 254 G5 33 65 iz 94 60 38
Y 4.5 4 372 107
- 5 21 27 197 2 10 135 18 10 135 11 45 112 693 1 46 170 17 115 o8 75
6 10 a8 g9 4 23 426 12 5 138 14 77 248 2280 Ly 7o 605 73 18 159 166
7 54 263 1862 5 40 2070 1% 5 17 15.5 131 428 8 5.7 7 109 2178 28 150 240 418
8 111 939 3i70 & 0 3096 16 7 23 40 1wy 1108 3 WE @ .9 43 201 382 718
il 135 PIG0 @& .4 17 143 w8 28 31 a7 218 Al 22E6 70 362 86 273 711 @8
10 495 @ B 28 378 38 17 46 1062 275 @ 8.7 102 901 Ba 218 1260
12 1062 34 A40 23 28 130 & 9.3 130 2194 120 721 3627
12 2549 43 935 30 46 270 1419 167 @ 10,8 i35 905 @11
11 4850 56 128 40 13 20 2820 208 171 1391
12 e 13 71 3437 33 178 7030 2761 362 230 2177
15 48 8 14 30t 431 @ 13.% 2 14.2 g2 314 3282
14 174 31 1385 08 43¢ & 14.3
17 222 42 p4A93 1024 643
18 291 &5 3373 1922 1284
15 381 72 @ 174 a1f {Boxt}
20 625 94 N ¥ailed
21 1007 113
22 1895 i34
23 3240 175
24 ¥ 23 221
25 273 HE§1DUAL VESTICAL DEFIECTTUTS FROM TEST #6 - §0° RADIUS BEAN
§$ ;2? Permamert Vortioal .Défarmation {Thousandths Inchag)
28 1507
] 2309
el 2705
31 3748
3z 5683
33 @32 Hobes The final entry ln ench oolumn iz &he ultdmnts load in thousend pounds,
PEATH SPRCIMENS BOLTSD SFECINENS
gﬂd Lo TYTE A TEE OB T¥PE R TYFE U TYPL A IYPE OR TIPE R TYFE ©
Fﬁ:ﬁ::ﬁi 1 gne 7 £as 10 Z8. 12 gar | 10 ga. 12 gas 1ghe 7 gs 32 gas | Lgas T Eoe 10 gue 12 gas |3 gas 7 ga. 10 gme 12 pas | 10 gae 12 gau | 1ga. 7 gas 32 ghe ] 1 gas 7 gae 30 ga, 12 ga
o 45,81 4971 50,00 49,78 G0.425 80,17 49,00 49.79 4364 45,79 49,83 49,81 49.51 49,54 49,65 49.69 49.80 50,33 5034 43,56 49,65 49,31 A9.7B 49.42 49.30 45,43
T B8 LT Wiz W W38 a3 b4 BT T W83 .87 B8 L6 L6877 W81 um 25 r: S0 3 Bz . 55
1.5 54 WED «97 e |
7 B9 .83 .15 .99 WED W66 B5 50 W78 86 .91 .92 W77 72 B3 .92 sl 58 76 B2 .75 a7 B8 .88 .33 .69
2.5 50,14 .83 .18 W87
3 5 %3 W87 .28 50.32 &0 p ,9; B8 W95 BB G0 W96 W59 W84 W78 .91 50,08 -37 73 5l.08 265 JBL W57 90 B4 W60 .83
3 +F 1.a
4 W56 WS .37 51,40 10 83,5 7L .98 .98 93 .98 80.02 .Ag W82 98 8 BOLTT 87 51.37 48 .86 .88 .92 LB .87 N1
a5 BE.O K4 63,9
g BOJOO .99 LBI @42 B LT2 5G.01 50,09 V94 50.02 .gs\ 93 B 50006 .47 51.43 »70 . W84 W76 W78 BGWD3
& 05 50,06 51.0% 31,42 LT5 a 43 95 W05 13 99 .98 .22 50.71 E1:7% VT4 W57 56.07 58 W84 9L 223
T W30 W21 52.06 97 WF7 12 BLl.35 50,00 08 .16 50,00 50,07 441 85.5 “5.5 77 50.03 50.36 D00t .71 50.04 247
[ 14 .47 8743 @7.0 .80 .18 5L.30 W02 W10 W18 .04 A7 4 B2 T .10 86,3 W04 5001 W2 .63
g »20 51.14 484 L24 @16 03 L3 417 .33 51.0% W86 .23 W06 .30 .48 68
ig 237 @94 86 .37 W06 W15 W24 @9 W51 809 W$2 .43 W10 2B 7
11 » 54 89 .48 207 W18 .30 282 97 W58 +14 .47 BO.EA
1z 51,18 W91 . 09 W22 54 5124 B0.05% 51.08 «17 .80 812
13 T2 .99 5l.41 [ R =] @127 La13812 <21 GE417
14 5199 -97 51,51 +13 30813 .21 +29 51.58
15 €115 90.03:13.8 13 a8 37 437814
16 5 a5 W48 A7 s
1 i3 (18 81,25 60 58
18 .23 2027 31,13 75
19 .36 22 {Belt) 293
20 £0 .23 {Falled) 51.19
21 95 1 &0
ez 4155 .28
32
n ez 2 LE 7 [
25 A
gf; :;,? EORIZGATAL DISPLACRMENT FROM TRST #6 -~ SO* RADIUS BEAM
28 88 Chord Length {Inahes)
29 51,18
30 «35
31 4B
gz Sz-98 Loud and deflacticv valuer beyand ultimzte load are shown on load-deflection curves.
e Y - b
3 @32.8 Yotel Thoe finel erkry lp each oolumn is the ultimabe load in thowsend pounds,
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