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1. Introduction

In order to investigate the influence of ductility on

the strength and behavior of bolted connections, Dhallal con

ducted tests on single bolt lap joints using "low ductility"

steels. As part of a separate investigation, popowiCh 2 con

ducted tests on single, double, and triple bolt in-line lap

joints using "high ductility" steels. The investigation re

ported herein was performed in order to compare the performance

of 3 bolt in-line connections of high ductility steels (21 to

53% elongation in a 2 inch gage length) with that of similar

3 bolt in-line connections of low ductility steels (nominally

5 and 10% elongation in a 2 inch gage length).

2. Procedure

Eight test specimens were prepared for this investigation.

Fig. 1 illustrates the typical specimen arrangement used in

these tests. Specimens Nos. 16051A and 16052A were made from

16 gage, 5% ductility steel, Nos. 16101A and 16102A were made

from 16 gage, 10% ductility steel, and Nos. 1085S, 1091S, 10928,

and 10938 were made from 1 gage, 8.5 to 9% ductility steel.

(These steels were specially prepared for research on the in

fluence of ductility.) No. 16051A of the 5% ductility speci

mens used three 1/2 inch bolts in line, while the 5% ductility

specimen No. 16052A used three 3/4 inch bolts in line. The

same geometry was used for the 10% ductility steel, Nos. 16101A

and 16l02A. The steel specimens Nos. 10858, 10918, 10928, and

1093S used three 5/8 inch bolts in line and varied s (width

of plate) in order to obtain different dis values. The steel
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properties, obtained from coupon tests, are given in the

first three columns of Table II, as follows: The nominal 5%

ductility steel had a tension coupon ultimate stress crt of

84.9 ksi, a yield point cry of 84.9 ksi, and an actual elonga

tion of 4.91% in a gage length of 2 inches. The nominal 10%

ductility steel had crt = 79.3 ksi, cry = 75.6 ksi, and an

actual elongation of 10.7% in a gage length of 2 inches. The

7 gage low ductility steels had crt = 85 and 86 ksi, cry = 85

and 86 ksi, and elongations of 8.5 and 9.2% in a 2 inch gage

length, respectively. All connection specimens were designed

to fail by transverse tearing. Tables I and II give all

pertinent data for the connection specimens.

One of the plates in each of the 5 and 10% ductility

steel specimens was painted with machinist's ink and scribed
f

as shown in Fig. a-a, while both plates in the 7 gage low

ductility steel specimens were painted with machinist's ink

and scribed as shown in Fig. 2-b. The longitudinal scribe

line was made adjacent to the hole perimeter, as shown in the

figures. A toolmakers' microscope was used to measure the

spacing of the lines, as well as the size of the holes in

each plate. After the specimen failed, the scribed plates

and the hole sizes were again measured, in order to observe

the elongation patterns of the specimens.

The assembled specimens were connected with high strength

bolts, completely threaded, with an ultimate shear stress of

120 ksi. The bolts were torqued: 40 ft-lb for the 1/2 inch

bolts, 50 ft-lb for the 5/8 inch bolts, and 110 ft-lb for the
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3/4 inch bolts. The holes in the plates were drilled and

washers were placed under the head and nut of the bolt. Shims

were used in the grips of the testing machine to reduce the

load eccentricity.

The tests were conducted using the 80 kip range of a

400 kip capacity Baldwin Southwark hydraulic testing machine.

3. Results

All test specimens failed by transverse tearing, as they

were designed to do. The results of the tests are given in

Table II. Table III gives the data on the elongation of the

plates and holes.

In order to make a comparison of all the three bolt in-

line connection tests, the results were plotted in Fig. 3.

In Fig. 3 the ratio of average stress on the net section to

the tensile strength of a coupon is plotted versus the ratio

of bolt diameter to the width of the plate. The test results

are also compared with the failure criterion suggested in

Reference 2 for tension failures,

cr
NET = 1.0 - 0.9r + 3.0rd/s
crt

where crNET is the stress across the net section of the speci

men, crt is the tensile stress of a coupon, r is the ratio of

the force transmitted by the bolt to the tension force in the

member at the critical section, d is the diameter of the bolt,

and s is the width of the plate. From this graph it is seen

that the low ductility steels behaved the same or slightly

more favorably than did the high ductility steel. Because of
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this finding, a similar graph was plotted for the one bolt

tests previously performed (see Fig. 4). Again the low

ductility steel behaved as well as or slightly better than

the high ductility steel.

In Fig. 5 graphs are constructed in order to show the

elongation profile of the test specimens. These graphs were

obtained by measuring the elongations within the variable

gage lengths (1/2 and 1/4 inches), shown in Fig. 2. Two plots

are used to show this: the percent elongation along the

length of the plate, and the elongation of each of the three

holes. The elongation of the bolt holes was obtained by

measuring the clear distance between the ends of the longi

tudinal diameter.

4. Discussion

The behavior in tension on the net section indicates

that the low elongation steels used have adequate local

ductility to distribute the stresses both laterally across

the net section and longitudinally along the specimen as

effectively as, if not better than, do high ductility steels.

This is probably true, because in spite of the fact that one

steel is much more ductile than the other, the low elonga

tion steel still 1s quite ductile, as compared to a brittle

material. Fig. 6 illustrates typical stress-strain diagrams

for the 5 and 10% ductility coupons and the 7 gage steel

coupons, while Fig. 7 illustrates the load-deformation re

lationship of the connections made from the 5 and 10% ductil

ity steels and the 7 gage steels, respectively. The gage
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length in Fig. 7 is equal to 4e + 2d'.

The elongation profile graphs shown in Fig. 4 suggest

that the longitudinal distribution of load was accomplished

mainly by local bearing deformation at the bolt holes. Table

II shows that some bearing stresses were as high as 2.3 times

the tensile strength; yet failure occurred in net section

tension rather than bearing.

A reason for the slightly superior behavior of the low

ductility steels may possibly be found in the absence of a

strain-hardening range in these unusual steels. The compari

sons in Figs. 3 and 4 are based only on tensile strength.

The real behavior of a complex connection probably depends

on the shape of the complete stress-strain curve rather than

on one single property.

5. Conclusions

The behavior in tension on the net section of connections

with three in line bolts indicates that the low ductility

light gage steels used have adequate local ductility to

distribute the tension stresses laterally across the net

section and longitudinally along the specimen as effectively

as do high ductility steels. The longitudinal distribution

probably was accomplished mainly by local bearing deformation

at the bolt holes.
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NOTATION

d = diameter of bolt, in.

d' = size of hole in sheet, in.

e = longitudinal spacing between bolts or distance
between bolt and edge of sheet, in.

PFail = failure load of connection, lb.

r = force transmitted by the bolt or bolts at the section
considered, divided by the tension force in the member
at that section.

s = width of sheet, in.

t = thickness of sheet, in.

crb = bearing stress in the connection, psi.

crNET = average tension stress on net section, psi.

crt = ultimate strength of coupon, psi.

cry = yield strength of coupon, psi.
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TABLE I

CONNECTION DIfv1ENSIONS

Specimen t d d' s e
in. in. in. in. in.

16051A 0.06 1/2 9/16 4.00 2
16052A 0.06 3/4 13/16 4.00 1 3/4
16101A 0.06 1/2 9/16 4.00 2
16102A 0.06 3/4 13/16 4.00 1 3/4
7085S 0.184 5/8 11/16 3.22 3 1/8
7091S 0.182 5/8 11/16 3.30 3 1/8
7092S 0.183 5/8 11/16 4.23 4 1/4
7093S 0.185 5/8 11/16 4.23 4 1/4

TABLE II

TEST RESULTS

%E1ong.
°NET °bSpecimen 0y °t in 2" PFAIL °NET °b dis

ksi ksi % kips ksi kai °t 0y

16051A 84.9 84.9 4.91 17.5 85.0 194 1.00 2.29 0.125
16052A 84.9 84.9 4.91 19.2 100 142 1.18 1.67 0.1875

16101A 75.6 79.3 10.7 16.7 81.0 186 1.02 2.46 0.125
16102A 75.6 79.3 10.7 16.5 86.4 122 1.09 1.61 0.1875

7085S 85 85 8.55 40.2 86.4 116.5 1.016 1.37 0.194
7091S 86.25 86.25 9.23 40.2 84.8 118 0.983 1.37 0.190
7092S 86.25 86.25 9.23 54.9 84.75 160 0.983 1.855 0.148
7093S 86.25 86.25 9.23 54.8 83.6 158 0.970 1.83 0.148
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TABLE III-a

ELONGATION DATA

16051A 16052A
Gage L L

f
L\L % E1ong. L Lf ~L %E1ong.

Mark 0 0
in. in. in. % in. in. in. %

1 0.492 0.500 0.008 1.63 0.465 0.446 -0.019 -4.09
2 0.486 0.500 0.014 2.88 0.500 0.499 -0.001 -0.20
3 0.489 0.489 0 0 0.501 0.501 0 0
4 0.250 0.250 0 0 0.256 0.256 0 0
5 0.251 0.251 0 0 0.246 0.246 0 0
6 0.250 0.251 0.001 0.400 0.256 0.257 0.001 0.39
7 0.201 0.202 0.001 0.498 0.248 0.248 0 0
8 0.553 0.553 0 0 0.493 0.493 0 0
9 0.565 0.565 0 0 0.562 0.562 0 0

10 0.499 0.499 0 0 0.498 0.498 0 0
11 0.274 0.274 0 0 0.256 0.256 0 0
12 0.223 0.223 0 0 0.248 0.248 0 0
13 0.252 0.252 0 0 0.248 0.248 0 0
14 0.248 0.248 0 0 0.256 0.256 0 0
15 0.502 0.502 0 0 0.498 0.498 0 0
16 0.556 0.555 -0.001 -0.18 0.564 0.564 0 0
17 0.500 0.500 0 0 0.500 0.500 0 0
18 0.250 0.254 0.004 1.60 0.250 0.250 0 0
19 0.250 0.249 -0.001 -0.40 0.248 0.249 0.001 0.403
20 0.252 0.253 0.255 0.002 0.79
21 0.248 0.249 0.001 0.403 0.249 0.249 0 0
22 0.499 0.249 a 0 0.500 0.500 0 0

Holes

1 0.565 0.598 0.033 5.85 0.805 0.805 0 0
2 0.569 0.629 0.060 10.53 0.805 0.805 0 0
3 0.563 0.700 0.137 24.40 0.804 0.805 0.001 0.124

l' 0.562 0.599 0.037 6.59 0.804 0.804 0 0
2' 0.563 0.600 0.037 6.57 0.804 0.804 0 0

3 ' 0.560 0.595 0.035 6.25 0.804 0.910 0.106 13.2
Failure not in scored plate.
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TABLE III-b

ELONGATION DATA

16101A 16102A
Gage Lo Lf ~L % Elong. Lo Lf ~L % Elong.
Mark in. in. in. % in. in. in. %

1 0.460 0.460 0 0 0.483 0.461 -0.022 -4.56
2 0.498 0.498 0 0 0.492 0.491 -0.001 -0.204
3 0.501 0.501 0 0 0.506 0.507 0.001 0.198
4 0.250 0.250 0 0 0.254 0.253 -0.001 -0.394
5 0.251 0.251 0 0 0.244 0.243 -0.001 -0.410
6 0.250 0.250 0 0 0.255 0.257 0.002 0.785
7 0.247 0.247 0 0 0.247 0.247 0 0
8 0.501 0.501 0 0 0.504 0.502 -0.002 -0.398
9 0.592 0.592 0 0 0.557 0.558 0.001 0.179

10 0.468 0.468 0 0 0.473 0.472 -0.001 -0.212
11 0.249 0.250 0.001 0.402 0.276 0.276 0 0
12 0.252 0.252 0 0 0.253 0.253 0 0
13 0.251 0.250 -0.001 -0.402 0.246 0.245 -0.001 -0.406
14 0.253 0.253 0 0 0.256 0.257 0.001 0.391
15 0.522 0.522 0 0 0.497 0.496 -0.001 -0.201
16 0.532 0.532 0 0 0.557 0.559 0.002 0.359
17 0.501 0.501 0 0 0.501 0.501 0 0
18 0.250 0.252 0.002 0.800 0.250 0.250 0 0
19 0.249 0.247 -0.002 -0.803 0.250 0.261 0.011 4.40
20 0.250 0.269 0.019 7.6 0.250 0.390 0.140 56.0
21 0.250 0.250 0 0 0.250 0.256 0.006 3.40
22 0.499 0.498 -0.001 -0.201 0.500 0.500 0 0

Holes

1 0.564 0.619 0.055 9.75 0.805 0.806 0.001 0.124
2 0.578 0.662 0.084 14.51 0.804 0.805 0.001 0.124
3 0.563 0.681 0.118 21.00 0.805 0.970 0.165 20.5

l' 0.565 0.630 0.065 11.50 0.800 0.800 0 0
2 ' 0.577 0.680 0.103 17.85 0.800 0.800 0 0
3 ' 0.562 0.830 0.268 47.70 0.800 0.800 0 0

Failure not in scored plate.
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TABLE 111-0

ELONGATION DATA

70853 70913

Gage L L
f ~L % Elong. Lo Lf

~L % Elong.
Mark 0

in. in. in. % in. in. in. %

1 0.500 0.500 0 0 0.499 0.499 0 0
2 0.501 0.501 0 0 0.501 0.501 0 0
3 0.249 0.249 0 0 0.250 0.250 0 0
4 0.247 0.247 0 0 0.250 0.250 0 0
5 0.500 0.500 0 0 0.500 0.500 0 0
6 0.500 0.500 0 0 0.500 0.500 0 0
7 0.625 0.625 0 0 0.624 0.624 0 0
8 0.501 0.501 0 0 0.500 0.500 0 a
9 0.498 0.498 a 0 0.499 0.499 a a

10 0.254 0.254 0 a 0.249 0.249 0 0
11 0.247 0.247 a 0 0.249 0.249 a 0
12 0.499 0.499 0 0 0.501 0.501 a a
13 0.499 0.499 a a 0.501 0.501 0 0
14 0.625 0.625 0 0 0.619 0.619 0 0
15 0.501 0.501 0 0 0.504 0.504 0 0
16 0.500 0.500 0 0 0.498 0.500 0.002 0.500
17 0.248 0.402 0.154 62.0 0.251 0.285 0.034 13.75
18 0.250 0.277 0.027 10.4 0.249 0.416 0.166 66.5
19 0.508 0.508 0 0 0.498 0 0 0
20 0.491 0.491 0 0 0.505 0 0 0

Holes
1 0.692 0.712 0.020 2.89 0.690 0.694 0.004 0.580
2 0.691 0.704 0.013 1.95 0.688 0.699 0.011 1.60
3 0.699 0.904 0.205 29.4 0.685 0.899 0.214 31.2

l' 0.697 0.711 0.014 2.01 0.690 0.702 0.012 1.67
2 ' 0.697 0.711 0.014 2.01 0.689 0.689 0.009 1.23
3 ' 0.702 0.721 0.019 2.71 0.690 0.707 0.017 2.54
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TABLE III-d

ELONGATION DATA

70928 70938

Gage Lo L
f

tiL % Elong. Lo L
f

tiL % Elong.
Mark in. in. in. % in. in. in. %

1 0.500 0.500 0 0 0.502 0.502 0 0
2 0.499 0.501 0.002 0.400 0.499 0.499 0 0
3 0.248 0.248 0 0 0.250 0.250 0 0
4 0.247 0.247 0 0 0.250 0.250 0 0
5 0.501 0.502 0.001 0.300 0.250 0.250 0 0
6 0.498 0.498 0 0 0.498 0.498 0 0
7
8 0.500 0.500 0 0 0.499 0.499 0 0
9 0.500 0.503 0.003 0.600 0.501 0.503 0.002 0.400

10 0.247 0.249 0.002 0.606 0.249 0.249 0 0
11 0.251 0.251 0 0 0.249 0.249 0 0
12 0.498 0.498 0 0 0.501 0.501 0 0
13 0.498 0.498 0 0 0.500 0.500 0 0
14
15 0.500 0.500 0 0 0.501 0.501 0 0
16 0.501 0.507 0.006 1.20 0.496 0.504 0.008 1.51
17 0.247 0.688 0.189 37.9 0.250 0.270 0.020 8.00
18 0.252 0.252 0.403 0.151 60.00
19 0.497 0.497 0 0 0.498 0.599 0.101 20.3
20 0.499 0.499 0 0 0.502 0.502 0 0

Holes

1 0.688 0.734 0.046 6.69 0.682 0.741 0.059 8.65
2 0.685 0.748 0.063 9.20 0.683 0.734 0.051 7.39
3 0.685 0.915 0.230 33.4 0.685 0.945 0.261 38.1

l' 0.697 0.735 0.038 5.45 0.681 0.743 0.062 9.10
2 ' 0.686 0.749 0.063 9.18 0.688 0.747 0.059 8.65
3 ' 0.685 0.766 0.081 11.8 0.686 0.747 0.061 8.96
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1. ABSTRACT

I

Ductility parameters defined in Second Progress Report,

were obtained by conducting tension coupon tests on especial

ly produced (A and S) steel. In this memo, tension coupon

tests are reported on a 20 gage commercial low ductility steel,

i.e. an ASTM Grade E Steel, herein designated as Steel B. Its

behavior is compared with that of the especially rolled A and

S steels with the intention to test the validity of conclusions

arrived at in the second progress report. Test programs were

Bet up to study the behavior of B steel (under static tension

loading), one program for single bolted connections and an

other for rectangular plates with holes. Here again the be

havior of B steel is compared with A and S steels.

Longitudinal fillet welded connections (A and S steel

only) are also investigated. Finally a few brief remarks

are made regarding corners formed from A and S steel.



2. INTRODUCTION

It was mentioned in the First Progress Report(l) that

the strength of low ductility steel tension members under

static loading is not affected by the presence of stress

2

raisers in the member. Formulas for single bolted connection

were also developed in that report from the tests'conducted

on A and S steel, which was along the lines of earlier work

done by Winter(2). In this memo the single bolted connection

tests and rectangular tension plates with holes in them on

commercial steel (B Steel), is studied, to confirm and to

compare with the results obtained in the first progress report.

Under essentially static loading the parameters necessary

to define the ductility of steel were reported in second prog

ress report(3). In this memo the material properties of com

mercial steel (B Steel) is studied. The material was tested,

and the results are tabulated in the same manner as in the

second progress report wherein the conducting of test and

reporting of the results were standardized, here again the

validity of conclusions reached in second progress report are

tested.

Weldability of the material is also investigated quali

tatively. A few longitudinal fillet weld connection tests

are also reported herein. The formability of the material is

also investigated in a restricted sense, since only corners

instead of the full cross-sections were formed in the press

brake. At present no corner tension coupon tests have been

conducted but the behavior of the corner during the forming

process is discussed briefly.



3. MATERIAL. PROPERTIES

3

Coupons for standard tension tests were prepared as per

current ASTM-E8-65T Specification. The main aim of testing

commercial steel was to test the conclusions arrived at in

second progress report. Table 1 compares various ductility

cr1terias for commercial steel (B Steel) and especially pro

duced steel (A and S Steel). Stress strain curves of A, Sand

B steel are plotted in Fig. 1. The followinS two equations,

which were derived by Oliver,(4) are mentioned in the second

progress report.

and
e% = K'La

a

e% = K (~)

(1)

(2)

where e = Percent elongation in gage length L.

A = Cross-sectional area of the coupon.

K, K' and a are constants.

The numerical value of a is the measure of overall ductility of

the material, while K (or K') is a measure of local ductility

of the material. K, K', and a can be obtained by plotting

Eqs. land 2 on log-log scale. Figs. 2 and 3 show the log-

log plot for A, Sand B steel.

Comparing commercial (B) steel with special rolled (A

or S) steel, it can be seen that B steel has more overall

ductility (a = -0.6), than A or S low ductility steel (a =
-0.9); but A or S steel has more local ductility (K = 45)

than B steel (K = 20). Another way of looking at overall and

local ductility is to observe the values of percent elonga

tion in 2 1/2" gage length excluding neck and percent elonga-
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tion in 1/4" gage length which includes the fractured sec

tion. Here again it could be pointed out that B steel has

more overall ductility (% elongation in 2 1/2" = 2.7) than 12 GAGE

A or S steel (% elongation in 2 1/2" = 0.4); but B steel has

lower local ductility (% elongation in 1/4" = 14) than A or
,.., 41

S steel (% elongation in 1/4" = ~). The above view is rein-

forced by looking at the value of tensile/yield ratio and

percent reduction in area. Since B steel has a tensile yield

ratio greater than one, it has better capacity to distribute

the strain over the length of the coupon, than A or S steel

(T/y = 1.00). But lower percent reduction in area in B

steel ( 58·<::'- % ) indicates that less local deformation took

place at the fractured cross section, than that occurred in

A or S steel.

Observing the complete stress strain curves in Fig. 1,

for the commercial (B) steel and especially produced (A or S)

steel it can be said that in B steel, the major portion of

percent elongation (in 2" G.L) occurred just before the neck

ing started in the coupon, and less percent elongation occurred

after the necking process started. The opposite is true for

A or S steel.
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4. TENSION TESTS ON RECTANGULAR PLATES WITH HOLES

In the First Progress Report, it was observed that the

strength of a rectangular plate of low ductility steel with

a hole is not affected by the presence of stress raiser. At

present no attempt is made to put a lower bound on the ductil

ity parameters, but for a given material the effect of ductil

ity on strength or carrying capacity of the member is investi

gated. Hence neglecting the effect of stress raiser, the fol

lowing equation can be written

= ultimate tensile strength of material under

uniaxial tension

A t = net cross-sectional area of the memberne
Pult = ultimate load on the member.

The tests presented herein are an extension of tension

tests conducted on rectangular plates in first progress re

port. More than one hole is drilled in the material in longi

tudinal direction to investigate the following points:

(1) Longitudinal plastic strain distribution, after

fracture, in the tension member.

(2) Comparison of local ductility of tension member with

that obtained from the standard tension coupon test.

(3) Effects that overall ductility has on the deformation

characteristics of the tension member.

(4) Investigation of whether or not the total member

deformation is increased by the introduction of extra holes

in the longitudinal direction.
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In Table 2 the nominal dimensions of the specimen are

shown. Steel A specimens are from 12l0-T-Ll to l2l0-T-L5

and steel B specimens are from 20B-T-L6 to 20B-T-LIO. Table

3 shows the results of the tension test on the specimens.

Observing the ratio of tensile strength of plate at ultimate

load (Ott) to the tensile strength of coupon (at) it can be

seen that the plate is able to develop the full strength as

given by Equation (3). In Table 3 the total deformation of

the member is reported which was measured (after fracture)

in gage length equal to the center to center distance between

holes in longitudinal direction plus one inch. By increasing

the number of holes in the longitudinal direction total de

formation of the member can be increased. (5) Because overall

ductility of the material allows the cross-section to enter

plastic range at holes other than the one where initial yield

ing took place. Fig. 4 shows the deformation curves of 20B-T

L2 and 20B-T-L3 specimens, indicating that total deformation

is higher in plates with three holes than those with one hole.

In Table 3, one can compare the values of percent elongation

in 1/4" gage length obtained from coupon test with that of

tension test on rectangular plate. It can be seen that local

ductility in both cases is quite comparable, though in the

coupon the local ductility is higher than that in tension test

mainly due to biaxial stress condition in the rectangular

plate, and the width of the plate more than that in the coupon.



5. BOLTED CONNECTION TESTS

Single bolted connection tests were conducted on com-

7

mercial steel (B-Steel) to compare the behavior of these

specimens with that of A and S steel reported in first progress

report. The equations derived therein have been used to de

sign the specimens. The nominal dimensions of the specimen

are shown in Table 4. As before the types of failure con-

sidered are:

(1) Longitudinal shearing of sheet along two practically

parallel planes whose distance is equal to bolt diameter.

(ii) Bearing failure with considerable elongation of the

hole and material "piling up" in front of the bolt.

(iii) Transverse tension-tearing across the sheet.

Results of the connection test are presented in Table 5.

Shear, bearing and tension type of failure was represented

by the following equations, in first progress report(l).

P - P - 0.9 e at t (4)shear - s-

Pbearing = Pb = 3.0 atd t (5)

Ptension = p = (0.1 + 3~) at(Anet ) ~ atAnet (6)s

where e = edge distance of the plate in longitudinal direc

tion measured from the center of the plate

t = thickness of the plate

d = diameter of the bolt

s = width of the plate

A
net

= net cross-sectional area of the plate through the

center of plate.
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Graphical representation of equations 4, 5 and 6 is given

in Figs. 5, 6 and 7 respectively. Figs. 5, 6, and 7 are re

produced from first progress report and the test points ob

tained for B steel are indicated therein. Observing the

points plotted in Fig. 6 for B steel it can be seen that the

bearing strength of B steel is lower than that of A or S

steel. Actually this may be due to the small thickness of

the plate and it is quite possible that bearing strength of

thicker sheets is higher than that of thinner ones. Hence

equation could be modified to

(5a)

But the data points are not sufficient to justify this ob-

servation at present.

Stresses in the specimen at failure can be given by the

following equations

l'
Pult= 2e tsf

abf
Pult= cr-r-

atf =
Pult
Anet

(7)

(8)

From equations 4 and 5 for type (i) and type (ii) failure

respectively, the following equations give the maximum shear

and bearing stress in the material at ultimate load.

( 1') = 0.45 ats max (10)

(11)
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Similarly the tension stress on the net section for type (iii)

failure is given by equation 4 in the following form

(12)

In Table 5 the values of shear bearing and tension stress

according to Eqs. 7 to 12 are given. When the failure is by

shearing of the plate, type (i); Tsf is quite close to (Ts)max.

For ~ ~ 0.3 atf is also quite close to at for tension tearing

of plate, type (iii) failure. But when the bearing failure

is predominant, i.e., when e/d is around 3 (say) the bearing

strength of the plate at ultimate load (Eq. 8) is less than

that predicted by equation 11.

Load deformation characteristics for specimens 20B-L3

and 20B-L4 is indicated in Fig. 8.



6. WELDED CONNECTIONS

10

Longitudinal fillet weld connections are designed here

in the conventional way (i.e. disregarding effect of stress

concentration) to develop the full strength of the connected

plate. Failure modes considered were Type A, transverse ten

sion tearing of the plate; Type B, shear failure in the weld.

Fig. 9 indicates the basic dimension of a design specimen.

Table 6 shows the nominal dimensions of the specimens

along with the average mechanical properties of the material.

The design is broken down in three groups, Group I (Specs.

7S-WlOO-L3 to l2FA-W70-L7) in which the plate failure is pre

dicted; Group II (Specs 7S-WlOO-L8 to l2FA-W70-L12); in which
(! l.! "Vt:.. i"f"')

the shearing failure~is expected, and Group III which is de-

signed such that the failure may either occur in the weld or

the plate. Connections in Group I were designed to develop

the full strength of the plate, where the value of yield

strength (OyA) of welding electrode is as given by ASTM (A3l6)

Specification, which is equivalent to AISC 1968 Draft Specifi

cation (1.5.3) where allowable shear strength for the electrode

is given. The weld strength for the connections 1n Group II

were taken to be the tensile strength of the electrode as

given by the manufacturers (a tM ). The weld length required

by this design to develop the full strength of the plate was

then reduced by about 10% So that the failure would occur

in the weld and not 1n plate. In Group III the weld length

was designed to develop the full strength of the plate, where

the strength of the welding electrode was assumed to be that

given by the yield strength as per manufacturer's specification
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(OyM) which is approximately equivalent to tensile strength

value (OtA) as given in ASTM (A316) specifications.

Results of the connection test are presented in Table 7.

The failure mode in Group I is by tearing of the plate as was

predicted before the test. Comparing columns 2 and 5 it can

be observed that the connected plate (width bn ) developed Ott

which is approximately 0.95 (Ot) where 0t is the tensile

strength obtained from uniaxial tension coupon test. Also

looking at Columns 3 and 9 it can be seen that the local

ductility (% elongation in 1/4") of the plate is quite close

to the local ductility of the material obtained in uniaxial

tension.

Failure in Group II specimens occurred by shearing of

the weld, as was desired in the design of those specimens.

Comparing the values of weld strength (Otw) with the value

of weld strength as given by ASTM or manufacturers specifica-

tions, it can be observed that the 0tw is closer to value

0yM (Oyield specified by manufacturers) which is equivalent

to 0tA (tensile strength specified by ASTM specifications).

The failure in 12 gage 5% A steel (1205-WIOO-LlO) occurred

prematurely. This may be due to defective welding since the

failure in only one side of the plate occurred instead of

the failure ~r slip due to shearing) occurring in the fillet

welds on both sides of the plate simUltaneously. The behavior

of 12 gage full annealed A steel was quite different from that

observed in low ductility specimens. The plates of 12 gage

full annealed specimen bulged out of the plane of plate intro-
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ducing extraneous effects, causing rather unpredictable fail

ure behavior.

In Group III where the weld length was designed such

that it is between that given by Group I and Group II design,

the failure occurred either by tearing of the plate (as in

73-WlOO-L13) or by shearing of the weld (as in 123,1205, and

1605 specimens).

is approximately

In this group crtt/cr t ratio (material strength)
cr

0.85 while~ ratio (weld strength) iscrtw
approximately 0.95.

In Groups II and III the maximum percent elongation can

not be reliably measured. If the gage lines are marked too

close to the edge they. would be destroyed or wiped off during

testing. On the other hand, the strain measurements taken

away from the edge cannot be satisfactory since the maximum

strain occurs at the edge and falls off very rapidly away from

it.

Member deformation is measured by the automatic recorder

where the gage distance is equal to lap length (L) of the

connection plus 3 inches. The total deformation measured

after fracture is noted in column 8 of Table 7. Maximum mem

ber deformation recorded is for group III specimens. Minimum

member deformation is reported for Group I specimens. In

Group I the major portion of total deformation occurs in the

plate and in low ductility steel percent elongation is not

large. But in Group III if the failure occurs by shearing

of weld the deformation not only takes place in the plate (due
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to higher tensile stress in plate than in Group II), but also

there is relative slip between the two plates when the weld

starts failing in shear.



7. FOffiiABILITY OF CORNERS

14

The corners were formed in a press-brake. The variables

used were (a) radius of the corner (b) angle of opening at

the corner and (c) ductility. A few brief observations can

be made here regarding the qualitative behavior of the corner,

brake pressed from low ductility material as compared to that

of high ductility material.

(1) Softer material (12 and 16 gage full annealed steel)

wrapped around the die very nicely. Consequently, it formed

tnuer inside and outside radius. On the other hand the harder

material (7, 12, and 16 gage 5% A steel) did not wrap around

the die so well, hence it was not possible to obtain a smooth

curve on the inside as well as outside of the material.

(2) The harder material showed small microscopic cracks

at the outside curve, the effects of which can be gauged only

after tension coupon tests are completed.

(3) It was not possible to bend 7 gage S steel to a 90°

bend with radius = t (thickness of material), since the speci

men cracked (the outside of the corner) under the application

of load in the press brake.
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8. CONCLUSIONS

(1) Ductility of commercial low ductility steel

(designated as B steel), can be characterized by the para

meters defined in the second progress report.

(2) Comparison of B steel can be made with especially

produced steel (designated as A and S steel), as shown in

Table 1.

(3) Under monotonically increasing static loading it is

possible to develop the full tension strength of a rectangular

plate with a hole (stress-raiser) in it.

(4) Increasing the number of holes in the longitudinal

direction increases the total member deformation (or "member

ductility").

(5) For A, S, and B steel the local ductility parameter,

%elongation in 1/4" G.L. correlates satisfactorily with the

local ductility of rectangular plate.

(6) Single bolted connections of commercial low ductility

steel (B Steel) behave essentially in the same manner as

those of the especially produced steel (S Steel). Shear and

tension type failures of B Steel, but not bearing failures of

single bolted connection in single shear can be predicted by

the same equations that were derived for S steel in first

progress report. Bearing strength of B steel is less than

that reported for S steel. It is quite possible that bearing

strength varies with the thickness of the material.

(7) Due to the lower bearing strength of B steel, the con

nection has a sUbstantial amount of deformation before failure

occurs, either in tension or in shear type of failure.
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(8) With a careful design, a single bolted connection

can be made to behave as a ductile connection in a tension

member using low ductility steel.

(9) For low ductility A and S steel a longitudinal fillet

weld connection can be designed to develop the full strength

of the plate. There are no visible ill effects due to stress

concentration at the corners of the connected plate. Failure

in the connected plate starts from one of thOse points.

(10) When the weld length is too small, the failure oc

curs by shearing of the weld along the entire length of the

longitudinal fillet weld. This behavior is in no way affected

by the low ductility of steel used for the specimen. This

behavior may be due to beneficial effects of the welding

process on the material adjacent to the fillet weld. At high

er load levels the material adjacent to the weld forms a

"plastic boundary layer" which eventually allows complete

separation of the two connected plates.

(11) A and S steel is "weldable" in the sense that no

noticeable defects in the lab welded connection were observed.
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1. Introduction

In order to determine the "suitability of steel"(l) for

cold-formed construction one needs to know, in addition to

other mechanical properties of the material, performance

characteristics such as ductility, formability and weldability.

Ductility is the ability of a material to undergo large plas

tic deformations without fracture. It reduces the harmful

effect of stress concentrations, permits large local strains

without serious damage, and helps achieve uniform stress or

load distribution in connections.

There are different tests specified by ASTM to measure

ductility, the chief of them being the percent elongation

after fracture in a specified gage length, usually 2" or 8".

The minimum acceptable for structural use, according to ASTM

standards, varies a great deal. Two of the low ductility

steels used in this investigation were specially rolled and

made available by the manufacturers. These are designated

as A and S steels, and had between 5 and 10 percent elonga

tion in 2" gage length, well below the "ductility" required

by ASTM for structural steels in general use in load carrying

members. The third steel investigated to date is a 20 gage

commercial low ductility steel, ASTM A-446 Grade E, herein

designated as Steel B, with a specified minimum elongation of

1.5% in 2". Grade E steel is used primarily for cold formed

panels.

2. Material Properties

The parameters which can be used to define the ductility
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of steel were discussed in the Second Progress Report. These

include elongation in 2", reduction in area, tensile-yield

strength ratio, elongation in 1/4", and elongation in some

gage length which excludes the fracture zone. These param

eters were measured from standard tension tests wherein the

coupons were prepared and tested in accordance with ASTM

Specification E8-65T. The A and S steel coupon test results

were presented in the first and second progress reports. B

steel coupons were tested sUbsequently.

Typical complete stress-strain curves for 12 and 16 gage

A steel, 12 gage S steel and 20 gage B steel are shown in

Fig. 1. An important fact indicated by the figure is that

B steel has a strain hardening range while the other two

steels do not. The B steel shows about 4% elongation in 2",

which is considerably more than the 1.5% required by ASTM

for the A-446 Grade E. Fig. 2 shows the distribution of

longitudinal strains in typical coupons of each of the steels.

In the earlier tests of A and S steels it was observed

that though the elongation in 2" G.L. was around 5 to 8 per

cent, the elongation in 1/4" G.L. was around 30 to 45 percent.

Hence the measure of ductility was separated into two parts;

one was designated as local ductility and the other as overall

ductility. The total percentage strain is given by the fol

lowing equation(2):

e = (1)
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where e = the percent elongation in gage length L

A = cross sectional area of the specimen

K and a = constants related to local and overall

ductility, respectively

One advantage of the above relationship is that the constants

K and a are independent of the size and shape of the test

specimen used.

Table 1 presents ductility parameters obtained from

representative standard tension coupon tests of A, Sand B

steels, wherein percent reduction of area, percent elongation

in 1/4" G.L. and K are indicators of local ductility of the

material, while tensile-to-yield ratio, percent elongation

in 2 1/2 11 G.L. excluding neck, and a are indicators of overall

ductility of the material. Higher algebraic values indicate

greater ductility in all cases. Comparison of the algebraic

values given in Table 1 indicates that A and S steels have

more local ductility and less overall ductility than that ob

tained in B steel.

Fig. 3 is a graph of Eq. 1 for each of the steels using

the values of K and a from Table 1, and includes also the

results for full annealed A steel taken from the Second

Progress Report. In Fig. 3 higher values of the intercept

on the elongation axis indicate greater local ductility,

and flatter slopes indicate greater overall ductility. Table

I and Figs. 2 and 3 all indicate that B steel has less local

ductility than the low ductility A or S steels; but B steel

has greater overall ductility.
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The overall ductility of B steel is a consequence of its

strain-hardenability. This permits sufficient strain harden

ing at that portion or portions of the member at which local

ized first yielding begins, so that yielding spreads to other

portions of the specimen rather than causing necking at the

location of initial yielding.

3. Rectangular Plates with Holes

Tests of rectangular plates of A, Sand B steel with one

or more holes in line of stress showed that these plates de-

veloped their full tensile strength as calculated on the net

cross sectional area; that is

where att

~t
----- > 1
~

= tensile stress calculated on the net area

(2)

at = tensile strength of coupon in uniaxial tension

Typical results are given in Table 2. The local ductility

determined from tests of plates with holes compares reason-

ably well with the local ductility measured in the coupon

tests. For A steel the average elongation in 1/4" G.L. at

the hole in the plate was approximately 32 percent, while

that of the tension coupon was 48 percent. For B steel elonga

tion in 1/4" G.L. in the tension coupon was 15.5 percent,

while at the hole in the rectangular plate it was 12.9 per

cent. Fig. 4 shows the longitudinal strain distribution for

plates of A and B steel with three holes in line of stress.

The greater local ductility of the A steel is again evident.
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The above tests indicate that the effects of the elastic

stress concentration produced by a hole are eventually wiped

out due to the good local ductility of these "low ductility"

steels.

4. Single Bolted Connection Tests

Single bolted connection tests were conducted using each

of the project steels. The experimental set up and the presen

tation of results are similar to those given by Winter(3) in

an earlier paper. The types of failure and form of the pre

diction equations also are similar to those obtained from

Winter's tests which were performed on high ductility steels.

Variables considered in the program in addition to the

type of steel used were: edge distance e, bolt diameter d,

sheet thickness t, plate width s, and coupon tensile strength

The connection failures are divided into three main types:

(i) Longitudinal shearing of the plate along two

practically parallel planes whose distance is equal to the

bolt diameter

(ii) Bearing failure with considerable elongation of the

hole and material "piling up" in front of the bolt

(iii) Transverse tension-tearing across the plate

Test results for the low ductility steels are presented

in Fig. 5 for bearing, shear and combined failures, and in

Fig. 6 for tension and combined failures. The failure loads

can be represented by the following equations:
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Pbearing = Pb = 3.0 crt dt (5)

Ptension = Pt = (0.1 + 3 ~) crt Anet ~ crt Anet (6)

where Anet = net cross sectional area of the plate through

center of the hole

crt = tensile strength of the material as obtained

from the coupon test

One of the main differences in the behavior of Winter's

tests and the current ones is that the bearing strength of

the low ductility material is a lower multiple of crt (by

about 20%) than previously obtained for high ductility con-

nection specimens. On the other hand, the expression for

tension failure of connections of low ductility steel is

identical to Winter's expression for high ductility steels.

Tests of three-bolt in-line connections with low ductility

steel gave similar results(4).

Dimensional analysis has been used in an attempt to

refine the strength prediction of bolted connections under

mixed modes of failure; this study is continuing.

5. Longitudinal Fillet-Welded Connections

Tests of longitudinal fillet welded connections using

A and S steel have been conducted. Variables considered in

the program were: lap length L, thickness of material t,

and type of steel. The connections were designed to fall

into three groups. Group I specimens were designed to develop

the full strength of the connected plate. Group II specimens
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were designed such that failure would occur by shearing of

the weld. For Group III specimens the weld length was so

designed that whether failure would occur in the weld or in

the plate could not be predicted with assurance.

The main parameters and test results are summarized in

Table 3, and load-deformation curves for two of the welded

connections are shown in Fig. 7. Failures are described as

Type a (tension) or Type b (weld shear) or a combination of

a and b. Conclusions may be summarized as follows:

. 1. Comparison of att/at for connections that failed in

tension shows that a longitudinal fillet welded connection

in low ductility steel can be designed to develop the full

strength of the plate.

2. A and S steels are "weldable" in the sense that no

noticeable defects in the weld of the specimen were observed.

3. When the lap length of the connection is not long

enough to develop the full strength of the plate then failure

occurs by shearing of the weld. In this case the weld is

capable of developing its full shear strength corresponding

to the tensile strength as specified by ASTM specifications.

4. The behavior of a low ductility steel specimen is

easier to predict than that of the high ductility one, because

very little out of plane distortion occurs in low ductility

steel specimens. On the other hand in high ductility speci

mens, where there is a considerable spread between yield and

tensile strength, in and out of plane distortions are consid-

erable.
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5. In these connections no annealing effects from weld

heat were detected; that is, all strength properties were

predictable from materials properties before welding.

These conclusions refer to A and S steels. Tests on

welded connections of low ductility B-steel will be carried

out shortly; the small thickness of the available B-steel may

make for difficulties in this respect.

6. Finite Element Analysis

The finite element approach can be used to solve con

tinuum mechanics problems in the plastic range. A solution

will be sought for a rectangular plate under tension with a

central hole or other stress concentration using stress-strain

characteristics of a low ductility steel. By solution one

means that the strain state in the plastic and elastic region

is calculated for the specimen under consideration, and the

extent of the plastic zone around the hole is established for

successively increasing loads. The analysis should show

whether the effect of a stress raiser is wiped out, i.e.

whether the cross-section at the hole completely plastifies.

If so, the strength of the tension member is essentially un

affected by the stress concentration and the ductility is

adequate. To establish a lower bound on the required local

ductility of the material, one calculates the plastic strain

at the hole when the element at the edge of the plate just

enters the plastic region.

This situation will also be investigated by experimental

means using the same geometry of rectangular plate with a
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central hole. Two 1/4" f0il strain gages can be attached

(in the longitudinal direction); one at the hole and the

other at the edge. When the gage at the edge of the plate

enters the plastic region, the reading of the gage at the

hole is the minimum local ductility required for the given

material.

The same type of investigation can be carried out for

other types of stress concentration.
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Comparative Study of Ductility Characteristics
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TABLE 2

Typical Results of Tension Tests on Rectangular Plates With Holes

(ft., S and B Steels)
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a
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b
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b
b
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a
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b
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1. Introduction

In order to determine the "suitability of steel,,(l) for

cold-formed construction one needs to know, in addition to

other mechanical properties of the material, performance

characteristics such as ductility, formability and weldability.

Ductility is the ability of a material to undergo large plas

tic deformations without fracture. It reduces the harmful

effect of stress concentrations, permits large local strains

without serious damage, and helps achieve uniform stress or

load distribution in connections.

There are different tests specified by ASTM to measure

ductility, the chief of them being the percent elongation

after fracture in a specified gage length, usually 2" or 8".

The minimum acceptable for structural use, according to ASTM

standards, varies a great deal. Two of the low ductility

steels used in this investigation were specially rolled and

made available by the manufacturers. These are designated

as A and S steels, and had between 5 and 10 percent elonga

tion in 2" gage length, well below the "ductility" required

by ASTM for structural steels in general use in load carrying

members. The third steel investigated to date is a 20 gage

commercial low ductility steel, ASTM A-446 Grade E, herein

designated as Steel B, with a specified minimum elongation of

1. 5% in 2". Grade E steel is used primarily for cold formed

panels.

2. Material Properties

The parameters which can be used to define the ductility
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of steel were discussed in the Second Progress Report. These

include elongation in 2", reduction in area, tensile-yield

strength ratio, elongation in 1/4", and elongation in some

gage length which excludes the fracture zone. These param

eters were measured from standard tension tests wherein the

coupons were prepared and tested in accordance with ASTM

Specification E8-65T. The A and S steel coupon test results

were presented in the first and second progress reports. B

steel coupons were tested sUbsequently.

Typical complete stress-strain curves for 12 and 16 gage

A steel, 12 gage S steel and 20 gage B steel are shown in

Fig. 1. An important fact indicated by the figure is that

B steel has a strain hardening range while the other two

steels do not. The B steel shows about 4% elongation in 2",

which is considerably more than the 1.5% required by ASTM

for the A-446 Grade E. Fig. 2 shows the distribution of

longitudinal strains in typical coupons of each of the steels.

In the earlier tests of A and S steels it was observed

that though the elongation in 2" G.L. was around 5 to 8 per

cent, the elongation in 1/4" G.L. was around 30 to 45 percent.

Hence the measure of ductility was separated into two parts;

one was designated as local ductility and the other as overall

ductility. The total percentage strain is given by the fol

lowing equation(2):

e = (1)
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where e = the percent elongation in gage length L

A = cross sectional area of the specimen

K and a = constants related to local and overall

ductility, respectively

One advantage of the above relationship is that the constants

K and a are independent of the size and shape of the test

specimen used.

Table 1 presents ductility parameters obtained from

representative standard tension coupon tests of A, Sand B

steels, wherein percent reduction of area, percent elongation

in 1/4" G.L. and K are indicators of local ductility of the

material, while tensile-to-yield ratio, percent elongation

in 2 1/2" G.L. excluding neck, and a are indicators of overall

ductility of the material. Higher algebraic values indicate

greater ductility in all cases. Comparison of the algebraic

values given in Table 1 indicates that A and S steels have

more local ductility and less overall ductility than that ob

tained in B steel.

Fig. 3 is a graph of Eq. 1 for each of the steels using

the values of K and a from Table 1, and includes also the

results for full annealed A steel taken from the Second

Progress Report. In Fig. 3 higher values of the intercept

on the elongation axis indicate greater local ductility,

and flatter slopes indicate greater overall ductility. Table

1 and Figs. 2 and 3 all indicate that B steel has less local

ductility than the low ductility A or S steels; but B steel

has greater overall ductility.
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The overall ductility of B steel is a consequence of its

strain-hardenability. This permits sufficient strain harden

ing at that portion or portions of the member at which local

ized first yielding begins, so that yielding spreads to other

portions of the specimen rather than causing necking at the

location of initial yielding.

3. Rectangular Plates with Holes

Tests of rectangular plates of A, Sand B steel with one

or more holes in line of stress showed that these plates de

veloped their full tensile strength as calculated on the net

cross sectional area; that is

(2)

= tensile stress calculated on the net areawhere Ott

0· =
t

tensile strength of coupon in uniaxial tension

Typical results are given in Table 2. The local ductility

determined from tests of plates with holes compares reason-

ably well with the local ductility measured in the coupon

tests. For A steel the average elongation in 1/4" G.L. at

the hole in the plate was approximately 32 percent, while

that of the tension coupon was 48 percent. For B steel elonga

tion in 1/4" G.L. in the tension coupon was 15.5 percent,

while at the hole in the rectangular plate it was 12.9 per

cent. Fig. 4 shows the longitudinal strain distribution for

plates of A and B steel with three holes in line of stress.

The greater local ductility of the A steel is again evident.
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The above tests indicate that the effects of the elastic

stress concentration produced by a hole are eventually wiped

out due to the good local ductility of these "low ductility"

steels.

4. Single Bolted Connection Tests

Single bolted connection tests were conducted using each

of the project steels. The experimental set up and the presen

tation of results are similar to those given by Winter(3) in

an earlier paper. The types of failure and form of the pre-

diction equations also are similar to those obtained from

Winter's tests which were performed on high ductility steels.

Variables considered in the program in addition to the

type of steel used were: edge distance e, bolt diameter d,

sheet thickness t, plate width s, and coupon tensile strength

The connection failures are divided into three main types:

(i) Longitudinal shearing of the plate along two

practically parallel planes whose distance is equal to the

bolt diameter

(ii) Bearing failure with considerable elongation of the

hole and material "piling up" in front of the bolt

(iii) Transverse tension-tearing across the plate

Test results for the low ductility steels are presented

in Fig. 5 for bearing, shear and combined failures, and in

Fig. 6 for tension and combined failures. The failure loads

can be represented by the following equations:
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where Anet = net cross sectional area of the plate through

center of the hole

at = tensile strength of the material as obtained

from the coupon test

One of the main differences in the behavior of Winter's

tests and the current ones is that the bearing strength of

the low ductility material is a lower multiple of at (by

about 20%) than previously obtained for high ductility con-

nection specimens. On the other hand, the expression for

tension failure of connections of low ductility steel is

identical to Winter's expression for high ductility steels.

Tests of three-bolt in-line connections with low ductility

steel gave similar results(4).

Dimensional analysis has been used in an attempt to

refine the strength prediction of bolted connections under

mixed modes of failure; this study is continuing.

5. Longitudinal Fillet-Welded Connections

Tests of longitudinal fillet welded connections using

A and S steel have been conducted. Variables considered in

the program were: lap length L, thickness of material t,

and type of steel. The connections were designed to fall

into three groups. Group I specimens were designed to develop

the full strength of the connected plate. Group II specimens
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were designed such that failure would occur by shearing of

the weld. For Group III specimens the weld length was so

designed that whether failure would occur in the weld or in

the plate could not be predicted with assurance.

The main parameters and test results are summarized in

Table 3, and load-deformation curves for two of the welded

connections are shown in Fig. 7. Failures are described as

Type a (tension) or Type b (weld shear) or a combination of

a and b. Conclusions may be summarized as follows:

·1. Comparison of Ott/Ot for connections that failed in

tension shows that a longitudinal fillet welded connection

in low ductility steel can be designed to develop the full

strength of the plate.

2. A and S steels are "weldable" in the sense that no

noticeable defects in the weld of the specimen were observed.

3. When the lap length of the connection is not long

enough to develop the full strength of the plate then failure

occurs by shearing of the weld. In this case the weld is

capable of developing its full shear strength corresponding

to the tensile strength as specified by ASTM specifications.

4. The behavior of a low ductility steel specimen is

easier to predict than that of the high ductility one, because

very little out of plane distortion occurs in low ductility

steel specimens. On the other hand in high ductility speci

mens, where there is a considerable spread between yield and

tensile strength, in and out of plane distortions are consid-

erable.
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5. In these connections no annealing effects from weld

heat were detected; that is, all strength properties were

predictable from materials properties before welding.

These conclusions refer to A and S steels. Tests on

welded connections of low ductility B-steel will be carried

out shortly; the small thickness of the available B-steel may

make for difficulties in this respect.

6. Finite Element Analysis

The finite element approach can be used to solve con

tinuum mechanics problems in the plastic range. A solution

will be sought for a rectangular plate under tension with a

central hole or other stress concentration using stress-strain

characteristics of a low ductility steel. By solution one

means that the strain state in the plastic and elastic region

is calculated for the specimen under consideration, and the

extent of the plastic zone around the hole is established for

successively increasing loads. The analysis should show

whether the effect of a stress raiser is wiped out, i.e.

whether the cross-section at the hole completely plastifies.

If so, the strength of the tension member is essentially un

affected by the stress concentration and the ductility is

adequate. To establish a lower bound on the required local

ductility of the material, one calculates the plastic strain

at the hole when the element at the edge of the plate just

enters the plastic region.

This situation will also be investigated by experimental

means using the same geometry of rectangular plate with a
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central hole. Two 1/4" f&il strain gages can be attached

(in the longitudinal direction); one at the hole and the

other at the edge. When the gage at the edge of the plate

enters the plastic region, the reading of the gage at the

hole is the minimum local ductility required for the given

material.

The same type of investigation can be carried out for

other types of stress concentration.
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TABLE 1

Comparative Study of Ductility Characteristics
of A, B and S Steels

* * * *Ductility Parameters 20B-Av. l2S-L3 l205-L2 l605-L3 l6FA-Ll
B-Steel S-Steel A-Steel A-Steel A-Annealed-Steel

Elongation in 2", (%) 4.38 5.13 5.58 6.84 52.20

Reduction in area (%) 56.10 65.20 69.40 59.00 83.80

Tensile/Yield Ratio 1.08 1.01 1.00 1.00 1.48

Elongation in 1/4" 15.55 38.40 44.40 35.20 85.60
(including neck)(%)

Elongation in 2 1/2" 2.74+ 0.33 0.40 1.28 38.00
(excluding neck) (%)

K 20.50 45.00 46.00 45.00 120.00

a -0.579 -0.974 -0.983 -0.795 -0.335

Note: * The values reported in these columns are taken from
Table 7 of Second Progress Report.

+ This value is for % elongation in 2", excluding neck.



TABLE 2

Typical Results of Tension Tests on Rectangular Plates With Holes

(P, S and B Steels)
: ' "'T' ." .' _..'., -., , ... -... l~'-- ._. _..._._.,.~_ .._,- '----'-----'..
, - ,
'GEORMETRICAL DIMENSION~ MAT' L PROPERTIE~ EXPER~r.1~NTAL RESULTS

Spec.
DesignationlDia. Width d

IOf of S
IHole Plate

I
I (in) (in)

No. 0t
of
Holes

1 (ksi)

Elongj', Pult
in

1/4 11 I
G.L. I

!

(%) I

Pult
Anet
=
Ott

(ksi)

Elong. Ott
in a

1/4 11 t
G.L.

%

I
I

Total-i
Memberl
Defor-
mationj

I

(in)

12S-T-L2

7S-T-T3

1210-T-L2

1205-T-L4

20-B-L8

1
9/

16

19/16.
!1/2
I
11/2
I

11/2.
i

2.50

1. 25

4.25

4.25

4.25

0.225 one ;72.8
i

0.500 one 191.0

0.118 Three I74.6

0.118 Three I 72.2
1

44.0

47.0

49.0

47.0

15.5

72.3

14.50 71.4

11. 40 91.1

30.70 75.5

32.20 79.4

12.80 90.0

Py Pult Gty Ott

11.0 17.0 27.4 42.4

37.2

28.6

12.9

0.98

1.00

1.01 0.19

1.10 0.11

1.10 0.06

0.96



TABLE 3

I . i ......1.-"I! I
! 7S-W70-Ll 2.50 3.00 \ 83.3 70.0 37.25 81.5 83.1 b 0.98 1.181'
17S-W70-L2 2.50 5.00 ; 83.3 70.0 38.90 85.0 52.5 a 1.02 0.75
\ I i! 7S-WIOO-L3 2.50 3.25 i 83.3 100.0 138.30 83.7 78.6 a 1.00 0.78 I
112S-WIOO-L4 3.00 3.25 : 82.5 100.0 24.90 78.8 88.4 a 0.96 0.88 I

! 1205-1~1l00-L5 3.00 3.25 184.1 100.0.25.80 79.0 89.4 a 0.94 0.89\
! 1605-WIOO-L6 3.00 3.75 198.0 100.0 '16.60 87.8 86.8 a 0.89 0.87 Ii12FA-W70-L7 4.00 3.75 \45.0 70.0 16.80 39.9 51.0 a 0.88 0.73 I
,,7S-WI00-L8 2.50 2.25 183.3 100.0 33.80 73.8 100.8 b 0.88 1.01
12S-WI00-L9 3.00 2.25 j 82.5 100.0 19.40 60.8 99.5 b 0.74 0.99

!1205-WI00-LI0 3.00 2.25 \84.1 100.0 16.40 50.2 82.5 b 0.60 0.82
!1605-WI00-Ll13.00 2.75 198.0 100.0 14.30 75.7 101.8 b 0.77 1.02
\12FA-v-170-L12 4.00 1.50 144.6 70.0 9.80 22.7 74.0 a+b 0.51 1.05 I
\7S- WI00-L13 2.50 2.75 183.3 100.0 37.50 82.0 91.2 a 0.98 0.91 \'
12S-WIOO-L14 3.00 2.75 82.5 100.0 22.25 70.0 93.6 b 0.85 0.94 .
1205-vHOO-L15 3.00 2.75 184.1 100.0 23.80 70.5 98.0 b 0.84 0.98 I
1605-WI00-L16 3.00 3.25 98.0 100.0 16.20 85.7 97.5 b 0.87 0.97 I
12FA-W70-L17 !4.00 2.00 44.~ 70.0 11.80 28.2 66.6 a 0.63 0.95 I

I !

r---- I I

Results of Longitudinal Lap Welded Connection Tests

(A> Sand B Steels)-------------
r------·---SPiC~-GEOM-.-:-MATtL PROPERTY! EXPERHmNTAL RESULTS

\ Spec. rWidth Lap I Tensiie Electrodel Ult. Ult. Ult. -=M"';;:O:'::d;"::;e;"""--a-t-t--a-
t
--;

Ii nesi.gna.tion.•...J of Length Stress Tensile I Load Tensile Tensile of - ~
,,-,foll.i ·1\.Plate II Stress I Stress Stress Failure at a ta

\i ~~~\ .\tt \""\ I in Plate in We Id
I~O\ {, /t,.}\} Ibn L I at a ta IPult att °tu
\k\~L~~l\t~_'__ I(in) (in)LJJc~:tL (ks1),(k1p_s) (ks1)_ (ks1'> (type)

(1i b
(Jv

~v1f'"

\ .\
\ "

t'\\

~v
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1. Introduction

In order to determine the "suitability of steel,,(l) for

cold-formed construction one needs to know, in addition to

other mechanical properties of the material, performance

characteristics such as ductility, formability and weldability.

Ductility is the ability of a material to undergo large plas

tic deformations without fracture. It reduces the harmful

effect of stress concentrations, permits large local strains

without serious damage, and helps achieve uniform stress or

load distribution in connections.

There are different tests specified by ASTM to measure

ductility, the chief of them being the percent elongation

after fracture in a specified gage length, usually 2" or 8".

The minimum acceptable for structural use, according to ASTM

standards, varies a great deal. Two of the low ductility

steels used in this investigation were specially rolled and

made available by the manufacturers. These are designated

as A and S steels, and had between 5 and 10 percent elonga

tion in 2" gage length, well below the "ductility" required

by ASTM for structural steels in general use in load carrying

members. The third steel investigated to date is a 20 gage

commercial low ductility steel, ASTM A-446 Grade E, herein

designated as Steel B,with a specified minimum elongation of

1.5% in 2". Grade E steel is used primarily for cold formed

panels.

2. Material Properties

The parameters which can be used to define the ductility
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of steel ~ere discussed in the Second Progress Report. These

include elongation in 211, reduction in area, tensile-yield

strength ratio, elongation in 1/4 11
, and elongation in some

gage length which excludes the fracture zone. These param

eters were measu~ed from standard tension tests wherein the

coupons were prepared and tested in accordance with ASTp1

Specification E8-65T. The A and S steel coupon test results

were presented in the first and second progress reports. B

steel coupons were tested subsequently.

Typical complete stress-strain curves for 12 and 16 gage

A steel, 12 gage S steel and 20 gage B steel are shown in

Fig. 1. An important fact indicated by the figure is that

B steel has a strain hardening range while the other two

steels do not. The B steel shows abo~t 4% elongation in 211
,

which is considerably more than the 1.5% required by ASTM

for the A-446 Grade E. Fig. 2 shows the distribution of

longitudinal strains in typical coupons of each of the steels.

In the earlier tests of A and S steels it was observed

that though the elongation in 2" G.L. was around 5 to 8 per

cent, the elongation in 1/4" G.L. was around 30 to 45 percent.

Hence the measure of ductility was separated into two parts;

one was designated as local ductility and the other as overall

ductility. The total percentage strain is given by the fol-

( 2) .
lowing equation .

e = (1)
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where e = the percent elongation in gage length L

A = cross sectional area of the specimen

K and a = constants related to ·local and overall

ductility, respectively

One advantage of the above relationship is that the constants

K and a are independent of the size and shape of the test

specimen used.

Table 1 presents ductility parameters obtained from

representative standard tension coupon tests of A, Sand B

steels, wherein percent reduction of area, percent elongation

in 1/4" G.L. and K are indicators of local ductility of the

material, while tensile-to-yield ratio, percent elongation

in 2 1/2 11 G.L. excluding neck, and a are indicators of overall

~ ... _ J- .J ., ., J_ _ _ .... L1 L'_ _ ..__ .L. ...... _" :- ., T T.J --,- .... '"'- .... ., -~ .... ,- _ - -.) _ - - _ .,. • _ _ _ ." -- ....-'.! _.- J.._ .....

UUV v.L.L.L vy UJ. vllt: Illd. Vt:.l.'.l.d..l.. U.l.!;Sllt:.!: d..l.Dt:U.l.·d..l.~ v d..Ll..lt:D . .LUU.l.Ve1 vt:

greater ductility in all cases. Comparison of the algebraic

values given in Table 1 indicates that A and S steels have

more local ductility and less overall ductility than that ob-

tained in B steel.

Fig. 3 is a graph of Eq. 1 for each of the steels using

the values of K and a from Table 1, and includes also the

results for full annealed A steel taken from the Second

Progress Report. In Fig. 3 higher values of the intercept

on the elongation axis indicate greater local ductility,

and flatter slopes indicate greater overall ductility. Table

1 and Figs. 2 and 3 all indicate that B steel has less local

ductility than the low ductility A or S steels; but B steel

has greater overall ductility~
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The overall ductility of B steel is a consequence of its

strain-hardenability. This permits sufficient strain harden

ing at that portion or portions of the member at which local-

. ized first yielding begins, so that yielding spreads to other

portions of the specimen rather than causing necking at the

location of initial yielding.

3. Rectangular Plates with Holes

Tests of rectangular plates of A, Sand B steel with one

or more holes in line of stress shoi'.Jed that these plates de-

veloped their full tensile strength as calculated on the net

cross sectional area; that is

(2)

= tensile stress calculated on the net areawhere O'tt

0'. =
t

tensile strength of coupon in uniaxial tension

Typical results are given in Table 2. The local ductility

determined from tests of plates with holes compares reason

ably well with the local ductility measured in the coupon

tests. For A steel the average elongation in 1/4" G.L. at

the hole in the.plate wa~ approximately 32 percent, whil~

that of the tension coupon was 48 percent. For B steel elonga

tion in 1/4" G.L. in the tension coupon Has 15.5' percent,

while at the hole in the rectangular plate it was 12.9 per

cent. Fig. 4 shows the longitudinal strain distribution for

of A and B steel with three holes in line of stress.plates

The greater local ductility of the A steel is again evident.
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The above tests indicate that the effects of the elastic

stress concentration produced by a hole are eventually wiped

out due to the good local ductility of these "10'<1 ductility"

steels.

4. Single Bolted Connection Tests

Single bolted connection tests were conducted using each

of the project steels. The experimental set up and the presen

tation of results are similar to those given by Winter(3) in

an earlier paper. The types of failure and form of the pre-

diction equations also are similar to those obtained from

Winter's tests which were performed on high ductility steels.

Variables considered in the program in addition to the

type of steel used were: edge distance e, bolt diameter d,

sheet thickness t, plate width s, and coupon tensile strength

The connection failures are divided into three main types:

(i) LongitUdinal shearing of the plate along two

practically parallel planes whose distance is equal to the

bolt diameter

(ii) Bearing failure with considerable elongation of the

hole and material "piling Upll in front of the bolt

(iii) Transverse tension-tearing across the plate

Test results for the low ductility steels are presented

in Fig. 5 for bearing, .shear and combined failures, and in

Fig. 6 for tension and combined failures. The failure loads

can be represented by the following equations:
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Pt" i = P = (0.1 + 3 ~) at A11et < a Aens on t s - t net

(4 )

(6)

where Anet = net cross sectional area of the plate through

center of the hole

at = tensile strength of the material as obtained

from the coupon test

One of the main differences in the behavior of Winter's

tests and the current ones is that the bearing strength of

the low ductility material is a lower multiple of at (by

about 20%) than previously obtained for high ductility con-

nection On the fo!'

tension failure of connections of low ductility steel is

identical to Winter's expression for high ductility steels.

Tests of three-bolt in-line connections with low ductility
(4)

steel gave similar results

Dimensional analysis has been used in an attempt to

refine the strength prediction of bolted connections under

mixed modes of failure; this study is continuing.

5. Longitudinal Fillet-Welded Connections

Tests of longitudinal fillet welded connections using

A and S steel have been conducted. Variables considered in

the program were: lap length L, thickness of material t,

and type of steel. The connections were designed to fall

into three groups. Group I specimens were designed to develop

the full strength of the connected plate. Group II specimens
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were desi~ned such that failure would occur by shearinG of

the weld. For Group III specimens the weld length was so

designed that whether failure would occur in the weld or in

. the plate could not be predicted with assurance.

The main parameters and test results are summarized in

Table 3, and load-deformation curves for two of the welded

connections are shown in Fig. 7. Failures are described as

Type a (tension) or Type b (weld shear) or a combination of

a and b. Conclusions may be summarized as follows:

1. Comparison of Ott/crt for connections that failed in

tension shows that a longitudinal fillet welded connection

i~ low ductility steel can be designed to develop the full..
strength of the plate.

2. A and S steels are "\'leldable" in the sense that no

noticeable defects in the weld of the specimen were observed.

erable.
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5. ~n these connections no annealing effects from weld

heat were detected; that is, all strength properties were

predictable from materials properties before welding.

These conclusions refer to A and S steels. Tests on

welded connections of low ductility B-steel will be carried

out shortly; the small thickness of the available B-steel may

make for difficulties in this respect.

6. Finite Element Analysis

The finite element approach can be used to solve con

tinuum mechanics problems in the plastic range. A solution

will be sought for a rectangular plate under tension with a

central hole or other stress concentration using stress-strain

characteristics of a low ductility steel. By solution one

means that the strain state in the plastic and elastic region

is calculated for the specimen under consideration, and the

extent of the plastic zone around the hole is established for

successively increasing loads. The analysis should show

whether the effect of a stress raiser is wiped out, i.e.

whether the cross-section at the hole completely plastifies.

If so, the strength of the tension member is essentially un

affected by the stress concentration and the ductility is

adequate. To establish a lower bound on the required local

ductility of the material, one calculates the plastic strain

at the hole when the element at the edge of the plate just

enters the plastic region.

This situation will also be investigated by experimental

means using the same geometry of rectangular plate with a



central hole. TVlO 1/4" foil strain gages can be attached

(in the longitudinal direction); one at the hole and the

other at the edge. When the gage at the edge of the plate

enters the plastic region, the reading of the gage at the

hole is the minimum local ductility required for the given

material.

The same type of investigation can be carried out for

other types of stress concentration.

9



(1)

(2)

(3)

(4)

(6)
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~rABLE 1

Comparative Study of Ductility Characteristics
of A, Band S Steels

* * * *
Ductility Parameters 20B-Av. l2S-L3 l205-L2 l605-L3 l6FA-Ll

B-Steel S-Steel A-Steel A-Steel A-Annealed-Steel

Elongation in 2", (%) 4.38 5.13 5.58 6.84 52.20

Reduction in area (%) 56.10 65.20 69.40 59.00 83.80

Tensile/Yield Ratio 1.08 1.01 1.00 1.00 1.48

Elongation in 1/4" . 15.55 38.40 44.40 35.20 85.60
(including neck)(%)

Elongation in 2 1/2" 2.74+ 0.33 0.40 1.28 38.00
(excluding neck) (%)

K 20.50 45.00 46.00 45.00 120.00

a -0.579 -0. 97;.j. -0.983 -0.795 -0.335

·Note: * The values reported in these columns are taken from
Table 7 of Second :P:oogress Report.

+ This value is for ~ elongation in 2", excluding neck.



TABLE 3

EXPERIMENTAL RESULTS I
I

Ult. Ult. U1t. Hade
;

att °tu -I

Load Tensile Tensile of - -
Stress Stress Failure at 0 ....va

in Plate in l'Je1d
Pu1t Ott °tu
(kips) (ksi) (ksi) (type)

-_._--------- -- -- ------- -----_.~_._._------ -

37.25 81. 5 83.1 b 0.98 1.18
38.90 85.0 52.5 a 1.02 0.75

38.30 83.7 78.6 a 1.00 0.78
24.90 78.8 88.4 a 0.96 0.88
25.80 79.0 89.4 a 0.94 0.89
16.60 87.8 86.8 a 0.89 0.87
16.80 39.9 51. 0 a 0.88 0.73

33.80 73.8 100.8 b 0.88 1.01
19.40 60.8 99.5 b 0.74 0.99
16.40 50.2 82.5 b 0.60 0.82

/14.30 75.7 101. 8 b 0.77 1.02
\. 9.80 22.7 74.0 a+b 0.51 1.05

j 37.50 82.0 91.2 a 0.98 0.91
122.25 70.0 93.6 b 0.85 0.94
23.80 70.5 98.0 b 0.84 0.98
16.20 85.7 97.5 b 0.87 0.97

111.80 28.2 66.6 a 0.63 0.95

\
;:

H)\
"'\-

Results of Longitudina~ Lap Welded Connection Tests

(A, Sand B Steels)
------ ------------r-" SPiC~-GEor<1-.~- MAT'L PROPERTY

I I ---

\ Spec. i \'!idth Lap \ Tensile Electrod2
i
l

Designati9n j of Length Stress Tensile

\
.'

\ ):-:-' .- D-P1ate 'I Stress. \ .'i-v ,,:1\; ,I,' \ I.t ,\."-1
/' \~ ,\ \,,-! b L' j a a

leY. \ •.'.' I.- "..-.. ".Itt'\ -,\ ,..," . . n I a
\1;1 ;\/,\:\ ~ (in) (in) \ (ksi) (ksi)
I l! ,.,J._" f! I
! 7S-W70-Ll ~ 2.50 3.00 ! 83.3 70.0
\ 7S-W70-L2 'j 2.50 5.00 ; 83.3 70.0
i . I
\ 7S-v.Jl00-L3 \ 2.50 3.25 ; 83.3 100.0
\ l2S-WlOO-L4 13.00 3.25 i 82.5 100.0
i1205~lnOO-L5 i 3.00 3.25 ! 84.1 100.0
11605-\vI00-L6 j 3.00 3.75 I 98.0 100.0
112FA-l>J70-L7 : 4.00 3.75 \ 45.0 70.0

\7S-1iJlOO-L8 \2.50 2.25 \83.3 100.0
! 12S-\1100-L9 ! 3.00 2.25 I 82.5 100.0
!1205-1JJI00-LI0 13. 00 2.25 !84.1 100.0
!1605-vllOO-Lll 'I 3 .00 2.75 I 98.0 100.0
112FA-:"n O-L12 ! 4.00 1. 50 I44.6 70.0

. (l7S-1:JI00-L13 j2.5 0 2.75 183.3 100.0
, b \.112S-VlIOO-L14 :\3.00 2.75 I 82.5 100.0

'Jv 0' ~ 11205-VHOO-L15 3.00 2. 75 i 84.1 100.0
r')~'~!.'1~t''''''''''/ 1605-W100-L16 13. 00 3.25 ! 98.0 100.0

.'1·'·... L~ H '112FA-V170-L17 !4.00 2.00 14 /L9 70.0
~r~' 1

,--..- -L. ....).I ~

i\,,; ..
.~ \ ~

r ~)
t\"



TABLE 2

Typical Results of Tension Tests on Rectangular Plates With Holes

(P, S and B Steels)

i
!

.J
Total !
Memberl
Defor-l
mationi

•
1

!
(in)J

i
i
I

i
i
i.,

1.10 0.06

crtt
crt

1.01 0.19

1.10 0.11

0.98

1.00

%

37.2

28.6

12.9

75.5

79.4

71. 4

90.0

91.1

(ksi)

30.70

32.20

12.80

11. 40

49.0

47.0

15.5

47.0

0.118 Three\72.2

0.118 Three:81.7,

0.1181210-T-L2 1/2 4,25

1205-T-L4 1/2 4.25

20-B-L8 1/2 4.25

7S-T-T3

l2S-T-L2

;.. . ....." . .. .. ... '" ...-\.--.-- .. --.. _. _... - ..... .- .-.. I' '-' _......- - .. --..-- ------ ._-
I _ "--.

\\GEORMETRICAL DIMENSION~JMAT'L PR?PERTIE~EXPERIMENTAL RESULTS
Spec.-·--· . El I P P Elong.
Designation \ Dia. Width d No. icrt ong

1 ult ult in
i 0 f 0 f s 0 f : in I A .4"
IHole Plate Holes I, 1/4 11 ! net 1/

, G.L. ! = G.L.I ! , cr
tt1 ' :

I ii
: I

! (in) (in) i (ksi) (%) I lklD_S~
I : I, ,
19/16 2.50 0.225orie :72.8 44.0 l14.50
I i
19/16 1.25 0.500 one 191.0

iThree!74.6

0.96

P (j (j
ult ty tt

17.0 27.4 42.4

crtcry lpy

[27.4 43.9 72.3 \11.0
! I

-----~--------------

0.118 one
!

12FA-T-L12 11/2 4.25
I I___._.__ I
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