An Experimental Study of Block Shear

Failure of Angles in Tension

HOWARD I. EPSTEIN

INTRODUCTION

Structural tension members are designed to resist yielding
of the gross section or rupture of the minimum net section,
taking into account the effects of stagger and shear lag. The
shear lag effect must be considered when all the compo-
nents of a tension member are not transmitting the load to
the connection. For short connections, an angle connected
by one leg may fail in a combination of tension perpendicu-
lar to and shear parallel to the loaded axis. This type of
failure has been termed block shear when investigated for
beam web connections."*?

Most of the international codes for steel design have not
considered this type of failure.* The current AISC ASD’ and
LRFD® specifications do incorporate formulae, in their re-
spective commentaries, to calculate block shear failure ca-
pacities. The current ASD Specification is based on the work
of Birkemoe and Gilmor' and is given by

P=03A,F +0.5A,E 1)

where F, is the ultimate strength, and A,, and A,, are the net
shear and tensile areas, respectively.

In 1985, Hardash and Bjorhovde,7 reported on tests con-
ducted on gusset plates in tension and suggested a different
approach to calculate block shear strength. They recom-
mended that the yield strength on the gross section on one
plane be added to the fracture strength of the net section on
the perpendicular plane. The first edition of the LRFD Speci-
fication® uses this approach to calculate nominal block shear
strength. The two equations given are

P, =06EA,+FA, @)
P, =06F A+ EA, 3)

where F is the yield strength, A,, and A,, are the gross shear
and tension areas, respectively, and A, and A, are the net
shear and tension areas, respectively. As explained in the
original paper and in the commentary, the larger of Eqgs. 2 or
3 is to be used as the nominal block shear strength. The LRFD
resistance factor ¢ to be used in conjunction with these
equations is given as 0.75.
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The commentaries for ASD as well as LRFD indicate that
block shear failure is not limited to the coped web of a beam.
Both clearly illustrate other possibilities including gusset
plates and angles when used in tension and connected by only
one leg. Finite element studies®® have indicated that the state
of stress for block shear in such angles is significantly differ-
ent from that in the beam webs, the tests on which the current
code equations are based. These angles are investigated in the
present study.

Since the size of the outstanding leg appears to effect the
eccentricity of the loading, and since the block shear equa-
tions in the codes do not include this factor, it was decided to
make the outstanding leg one of the parameters to be studied
in the experimental program. Other factors of interest in-
cluded the presence of stagger when two gage lines on the
same leg are used. The code treatment for stagger in a block
shear path is not exactly defined, but several recent manuals
and textbooks'®''? all agree that it seems reasonable to
incorporate the long-standing s°/4g increase to net tensile
width.

This paper reports on the results of full-scale testing of
double-row, staggered, and unstaggered bolted connections
of structural steel angles. The effect of the variation of several
parameters are presented. The current code provisions are
found to be less conservative for block shear failure than net
section tensile failure in angles and a revised treatment is
suggested.

EXPERIMENTAL PROGRAM

It was considered desirable to test specimens that could
actually be allowed in design. The availability of angle sizes
was the first constraint placed upon the selection of connec-
tions to be tested. Next, for varying size of the outstanding
leg, it was desired to maintain the same angle thickness, if
possible, to eliminate thickness as a parameter in the study.
Also, there was a requirement of having two gage lines on a
leg so that stagger could be studied. It was desired not to have
the bolts govern the strength of the connection. At the same
time, in order for the connections to be short so that block
shear was the governing failure mode, the number of bolts
was limited. Finally, testing of a pair of angles was warranted
to reduce any eccentricity on the 300 kip capacity testing
machine available for the study.

With all the above constraints to be considered, the basic
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connections to be tested were pairs of angles, %¢-in. thick,
connected by two rows of ¥-in. diameter bolts in two rows
on a 6-in. leg. Angles 6x6x¥ were first selected for testing
various connection configurations by varying the number and
possible stagger of the bolts. To investigate the effect of the
outstanding leg, the same connections to the 6-in. leg were
then used for 6x4x%¢ and 6x3 %% ¢ angles.

The effect of staggering the bolts on the connected leg was
one of the parameters to be investigated. This requires con-
nections with two gage lines. For larger angles connected by
only one leg, two gage lines help to reduce the length of the
connection. This has the benefit of reducing the length of the
connection, but at the same time has the drawback of empha-
sizing the shear lag reduction in capacity. When two gage
lines are present, the fasteners are often staggered so that the
net area is not further reduced. Stagger does increase the
length of a connection, but it may be required for certain
geometries. For instance, when ¥;-in. or larger diameter bolts
are used to connect a 5-in. angle leg, AISC minimum spacing
provisions mandate stagger when bolts are used on two gage
lines. To further investigate stagger, it was decided to also test
specimens having a 5-in. connected leg. To obtain some
consistency with the 6-in. angles, %¢-in. thick angles were
also chosen for the 5-in. angles. Therefore, various connec-
tions for 5x5x%¢, 5x3%X%% 6 and 5x3x% ¢ angles were tested.

The connections tested had three to eight bolts in two gage
lines, with and without stagger. The bolt configurations were
chosen to cover the transition from shorter connections, gov-
erned by block shear, to longer connections, governed by net
section failure. Since bolt shear was not desired, %4-in. A490-
X bolts in standard holes were chosen (74-in. A325 bolts could
also have been used).

Connection geometries for the 6-in. connected leg were
chosen to have a minimum of four bolts, as fewer than four
bolts would usually lead to bolt capacities governing the
allowable load, and this was not desired. Three different
four-bolt connections for 6-in. angles are shown in Fig. 1. The
first (#1), where the included angle is obtuse at the ten-
sion/shear intersection in the block shear path, will be referred
to as having positive stagger. Next are shown examples of
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Fig. 1. Sign of stagger.

negative stagger (#2), and a zero stagger (or unstaggered)
connection (#3). For all connections, the edge distance was
taken to be 1.5 in. and the pitch was the usual 3 in. for this
bolt size. Standard gages were used throughout. For a 5-in.
leg, these gages are g, = 2.0 and g, = 1.75 in. For a 6-in. leg,
these gages are 2.25 and 2.5 in., respectively.

There were three specimens, each consisting of a pair of
angles, tested for each connection. In all, 38 different connec-
tions were tested for a total of 114 tests. In order to eliminate
material variation for any particular connection, all were
fabricated from the same 40 ft length of angle. This limited
the length of each specimen (4.5 ft was chosen), but additional
tests on longer specimens produced consistent stress distribu-
tions and failures. All the specimens were fabricated by The
Berlin Steel Construction Company, Berlin, CT. Yield and
ultimate strengths were found from coupon tests conducted
by The New Haven Testing Laboratory, New Haven, CT.

All the connection geometries are listed in Table 1 along
with their yield and ultimate strengths. A summary of all
connection patterns is shown in Fig. 2. For reference, connec-
tions are specified by the number of bolts on the outer and
inner gage lines and by the sign of the stagger. For instance,
connections #1 to #3 are designated as 2/2,* 2/2,” and 2/2,°
respectively. Connections #4 to #6 are the five-bolt patterns
2/3,3/2," and 2/3.° respectively. Connections similar to #6
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Fig. 2. Connections tested.
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are often specified for an odd number of bolts. The thinking
behind this is that the net section, which resists the full load,
only has one hole deducted from the gross area. If all bolts
are assumed to be resisting an equal load, only a fraction of
the load (in this case 4/5) is taken by the cross section having
two holes deducted from the gross area. The lead, sometimes
called “poisoned,” bolt has traditionally been placed on the
inner gage line in order to minimize the loading eccentricity.
Completing the 6x6 angles tested are connections #7 and #8
which are unstaggered six- and eight-bolt patterns, respec-
tively. Since the test program was primarily designed to test
block shear, other six- and eight-bolt geometries and all
seven-bolt geometries were not investigated because their
failures should be predominantly net section. The only miss-
ing five bolt pattern (3/2°) was not investigated because it is
not typically fabricated.

These same eight connection geometries are repeated for
6x4x% angles in connections #17 to #24. No other angles
having a 6-in. leg are available in a ¥j¢-in. thickness. There-
fore, for this constant thickness, these 24 connections repre-
sent all the reasonable connection geometries. Thicker angles
(3%-in., for instance) were not chosen for a number of reasons
including the diminished number of block shear failures and
the limitation of a 300 kip capacity testing machine.

Fortunately, the %¢-in. thick angles are also available in
three different 5-in. connected legs (5%3% and 5x3). Since
unstaggered patterns are not permissible, the only four and
five-bolt patterns tested were connections #25 to #28 for 5x5
angles. These four patterns are repeated for 5x3' angles in
connections #29 to #32 and for 5x3 angles in connections #33
to #36. In addition, two three-bolt patterns are possible (with-
out bolt shear governing) and were tested as connections #37
and #38. These two patterns are not usually fabricated, but
theoretically can be. Longer connections for the 5-in. angles
are possible, but the already completed 6-in. connections had
demonstrated the transition from block to net section failure.

TEST RESULTS

The last two columns of Table 1 show the average failure load
of the three specimens for each connection tested as well as
the type of failure. In general, the variation of the test loads
fell within a few percent of the average. The maximum and
minimum failure loads fell within 10 percent of the average
value for 34 of the 38 connections tested. The failures were
classified into five different types:

(A) block shear,

(B) predominantly block shear with some net section,
(C) predominantly net section with some block shear,
(D) net section, and

(E) bolt shear plus block shear.

Examples of different failure types are shown in Fig. 3a-3e.
As expected, the shorter connections failed in true block
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shear, while longer connections failed through the net section.
Other results concerning the failures are:

o Failures for the shortest connections of equal leg angles
(all #1 and #25 specimens) were all classic block shear
failures.

e As the length of the connection increased, failures gen-
erally went from types (A) to (B) to (C) to (D), as
described above.

¢ For the same bolt pattern, as the length of the outstanding
leg decreased, failures increasingly became net section.
For instance, the three specimens (six angles in all)
comprising connection #4 produced predominantly
block shear failures. Block shear and net section failure
occurred equally for the six angles of connection #12.
Net section failure predominated in connection #20.

o Failures for the longest connections of 6x6 angles (#8,
#16, and #24) were all through the net section.

o Initial yielding was usually observed on the connected
leg near the bolt closest to the center of the specimen on
the outer gage line (as indicated in Fig. 1).

¢ For the five-bolt, unstaggered connection geometry, all
the specimens (connections #6, #14, and #22) had the
lead bolt shear while the remaining four-hole pattern
failed in block shear (type E).

o Two of the three eight-bolt specimens for connection #8
(4/4°) exceed the 300 kip capacity of the testing machine,
but there was significant yielding in evidence at that
load. Judging from the failures observed in other tests,
these specimens had almost reached their failure loads.

e The time required to complete each test did not appear
to be a factor. One of the three specimens was tested to
failure in a few minutes, approximately the same time
required for coupon tests. There were no significant
differences obtained when these tests were compared to
the specimens which required longer to accomplish.

ALLOWABLE OR DESIGN LOADS

For bolted tension connections, ASD allowable capacities or
LRFD design strengths must consider several modes of fail-
ure. The tension member itself must be designed against
yielding of the gross area and rupture of the effective net area.
Where there is stagger, all possible failure paths must be
considered. All possible block shear paths must also be inves-
tigated. This includes paths that require bolts to fail in addi-
tion to the angle failing along a block shear path.

All connections tested used %-in. bolts in double shear.
Bearing areas and edge distances were such that they never
governed allowable or design loads. The connections were
considered to be bearing (as they most certainly were at
failure) and the threads were excluded from the shear planes.
The resulting X designation gave 35.3 kips allowable ASD
load per bolt (ASD/J3.2) and 51.7 kips LRFD design strength
per bold (LRFD/C-J3).
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Table 1.
Connections Tested
Yield Ultimate Average
Strength Strength Failure
Connection | Angle Size | Connection 5% Fy Load Failure

# (in.) Geometry (ksi) (ksi) (kips) Type

1 6x6x%6 2/2* 51.9 73.9 182.5 A

2 2/2” 51.4 77.0 204.2 A-B

3 2/2° 51.0 75.5 188.7 A-B

4 2/3” 53.0 77.2 242.7 B

5 3/2* 49.3 73.6 204.9 C

6 2/3° 51.4 75.0 259.7 E

7 3/3° 51.6 74.8 237.1 B-C

8 4/4° 52.0 74.6 >297.7 D

9 6x4x¥6 2/2* 51.0 724 202.7 A
10 2/2” 46.8 68.2 203.9 B
11 2/2° 50.3 71.0 194.2 A
12 2/3” 55.5 80.0 2471 B-C
13 3/2* 50.5 70.2 189.1 C
14 2/3° 49.4 68.9 219.8 E
15 3/3° 46.5 64.9 218.6 C
16 4/4° 48.1 65.7 243.5 D
17 6x3.5x%6 2/2* 48.3 74.5 198.2 B
18 212" 52.5 76.6 198.8 B
19 2/2° 52.1 78.2 199.3 B
20 2/3” 50.3 68.5 238.5 C
21 3/2* 49.5 69.4 216.1 B
22 2/3° 48.0 69.1 250.6 E
23 3/3° 45.6 69.3 236.5 C-D
24 4/4° 46.8 69.7 255.2 D
25 5x5x%6 2/2* 443 62.0 1541 A
26 2/2" 44.6 61.5 155.8 B
27 2/3” 45.1 63.2 194.9 B
28 3/2* 50.4 70.1 169.6 C
29 5x3.5x%6 2/2* 47.9 71.6 1741 B
30 2/2” 45.0 67.8 171.8 B
31 2/3° 45.2 68.2 208.8 C
32 3/2" 48.8 72.6 189.9 B
33 5x3x%6 2/2* 425 59.4 149.4 B
34 2/2” 43.1 61.0 161.5 B
35 2/3” 425 62.6 187.2 B
36 3/2* 42.2 61.1 163.0 C
37 1/2” 46.1 65.4 173.3 A
38 211" 441 61.8 126.8 B

The allowable ASD load for rupture of the net section is
given by 0.5F, UA, (ASD/D1), and the LRFD design strength
is 50 percent greater than the ASD allowable (LRFD/D1).
Due to the spacing used, failure through one hole never
governed for any connection when compared to the two-hole
stagger path. The shear lag reduction coefficients U used in
these calculations were obtained from the current AISC codes
and not the 1 —x /L contained in the original research.”® U
was therefore set equal to 0.75 for all connections except
those with the 3/3° and 4/4° patterns for which U was 0.85.

The allowable ASD load for yielding of the gross cross-
section is given by 0.6F A,, where A, is the gross area. The
LRFD design strength is 50 percent greater than this ASD
allowable. Neither yielding provision came close to govern-
ing the strength of any connection tested.

For each connection tested, the ASD allowable load P, and
the LRFD design load 0P, were calculated on the basis of the
actual yield and ultimate strengths given in Table 1. The ASD
and LRFD governing loads are presented in Table 2 along
with the code equation numbers which produce them. Most
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of the connections are governed by the block shear loads
calculated from Egs. 1 through 3. Connections #6, #14, and
#22 were governed by the combination of lead bolt shearing
and block shear through the remaining bolt pattern (the type
E failure discussed previously). Some of the longer connec-
tions for the smaller angles were governed by net section
failure.

The ratios of the failure loads to allowable loads are also
shown in Table 2. The ratio of the failure load to the ASD
allowable load and LRFD unfactored nominal resistance are
given by R, and R;, respectively. The adequacies of these
ratios will be discussed in a subsequent section.

RESULTS

The 38 connections tested were chosen so that many of the
variables considered to be important to the block shear phe-
nomenon could be isolated. Since the material properties
varied from one connection to another, these factors were
eliminated by calculating code loads and all appropriate ratios
based on actual material strengths. The effect of several other
parameters are now examined.

The Outstanding Leg—To demonstrate how the outstand-
ing leg influences the failure load, nondimensional average
failure loads are plotted versus the length of the outstanding
leg for constant connection geometries. The failure load is

nondimensionalized by dividing by F,A*, the product of the
ultimate strength and the gross area of the 6x6 or 5x5,
whichever is appropriate. The results are presented in Fig. 4.
Code equations predict that as the outstanding leg increases,
the failure load increases since the gross area increases.
Eventually, block shear will govern and the failure load will
then remain constant since the code equations do not contain
any outstanding leg effects.

In all, twelve different connection geometries were each
tested for three different outstanding legs. For instance, con-
nections #24 to #16 to #8 are plotted as the 6-in. 4/4° line in
Fig. 4. Ten of the twelve connection geometries actually show
a decrease in failure load as the outstanding leg increases.
Only two connections produced a monotonic increase (the
6-in. 4/4° and the 5-in. 2/3™ patterns). The 4/4° connection
exhibits no block shear, and the increase shown in Fig. 4 is as
expected for net section failure. The 5-in. 2/3” patterns are the
longest 5-in. connections and failures and code predictions
are partially net section and block shear.

The decrease in failure load with increasing outstanding
leg size and, therefore, gross area, required further investiga-
tion. A significant clue in explaining this behavior was clearly
in evidence after observing all 114 failures. Almost every
failure was preceded by necking down and eventual failure
initiation at the points indicated in Fig. 1. Clearly, this indi-

Fig. 3. Examples of various failure types.
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Table 2.
Comparison of Test Loads to AISC Codes
Average ASD LRFD
Failure
Conn. Load Pa Equation Py Equation

# (kips) (kips) No. Ra (kips) No. R

1 182.5 105.7 J4-1,.2 1.727 157.9 C-J4-1 0.867

2 204.2 131.7 J4-1,2 1.550 191.9 C-J4-2 0.798

3 188.7 102.6 J4-1,2 1.839 157.3 C-J4-2 0.900

4 242.7 1411 J4-1,2 1.720 208.5 C-J4-2 0.873

5 204.9 125.9 J4-1,2 1.627 183.7 C-J4-2 0.837

6 259.7 137.2 J4,3-2 1.893 209.3 J3+CJ4 0.931

7 2371 1315 J4-1,2 1.803 202.5 C-J4-2 0.878

8 >297.7 160.9 J4-1,2 1.850 247.4 C-J4-2 0.902

9 202.7 103.5 J4-1,2 1.958 154.9 C-J4-1 0.981
10 203.9 116.7 J4-1,2 1.747 172.2 C-J4-2 0.888
11 194.2 96.5 J4-1,2 2.012 152.1 C-J4-2 0.958
12 2471 146.3 J4-1,2 1.689 2171 C-J4-2 0.854
13 189.1 120.1 J4-1,2 1.575 181.3 C-J4-2 0.782
14 219.8 128.9 J4,3-2 1.705 200.3 J3+CJ4 0.823
15 218.6 1141 Jé-1,2 1.916 178.7 C-J4-2 0.917
16 2435 138.7 D1 1.756 208.0 D1-2 0.878
17 198.2 106.5 J4-1,2 1.861 154.1 C-J4-1 0.965
18 198.8 1311 J4-1,2 1.516 193.3 C-J4-2 0.771
19 199.3 106.3 J4-1,2 1.875 161.7 C-J4-2 0.924
20 238.5 125.2 J4-1,2 1.905 191.6 C-J4-1 0.934
21 216.1 118.7 J4-1,2 1.821 178.5 C-J4-2 0.908
22 250.6 129.2 J4,3-2 1.940 198.0 J3+CJ4 0.949
23 236.5 121.8 J4-1,2 1.942 183.7 C-J4-2 0.966
24 255.2 137.6 D1 1.855 206.4 D1-2 0.927
25 154.1 76.0 J4-1,2 2.028 117.9 C-J4-2 0.980
26 155.8 92.7 J4-1,2 1.681 143.8 C-J4-2 0.813
27 194.9 102.6 J4-1,2 1.900 157.9 C-J44-2 0.926
28 169.6 105.6 J4-1,.2 1.606 163.3 C-J4-2 0.779
29 1741 87.7 J4-1,2 1.985 131.6 C-J4-2 0.992
30 171.8 102.2 J4-1,2 1.681 152.7 C-J4-2 0.844
31 208.8 110.7 J4-1,2 1.886 165.5 C-J4-2 0.946
32 189.9 109.4 J4-1,2 1.736 164.3 C-J4-2 0.867
33 149.4 72.8 J4-1,2 2.052 113.0 C-J4-2 0.992
34 161.5 89.4 D1 1.806 134.1 D1-21 0.903
35 187.2 97.8 D1 1.914 146.8 D1-2 0.956
36 163.0 921 J4-1,2 1.770 139.9 C-J4-2 0.874
37 173.3 80.1 J4-1,2 2.164 123.5 C-J4-2 1.052
38 126.8 68.5 J4-1,2 1.851 106.6 C-J4-2 0.892

average = 1.820 average = 0.901

cated the presence of bending for this tension loading. In fact,
the eccentricity associated with the loading was shown to
account for the observed test behavior. Eccentricity turns out
to be the key to explaining the behavior shown in Fig. 4.
Adidam,'*" demonstrated this by analytically varying the
eccentricity. Chamarajanagar'® obtained the same conclu-
sions using finite element studies.

Stagger—Connection #3 has no stagger (2/2°). Connec-

tion #1 has positive stagger (2/2*). Both connections are
6Xx6x%¢ angles and have the same shear area. When the test
results are nondimensionalized for material properties, the
effect of stagger can be isolated. Code equations predict an
increase in loads, as the result of the addition of the s*/4g
factor to the width. There are two other sets of connections
which differ only in that one has zero and the other has
positive stagger. The ASD code predicted increase for these
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geometries is 5.2 percent (see Ref. 14 for the calculation
details). This compares with a test average of a 1.7 percent
increase. Table 3 shows this result.

Other connections which differ only in stagger are also
shown in Table 3. There are seven sets of connections that
only differ in having negative versus positive stagger. The
codes do not recognize any difference in the sign of the
stagger and, hence, predict the same failure load. The average
of all the tests showed an increase of 1.4 percent. There are
three sets of connections that only differ in having zero versus
negative stagger. The codes predict an increase of 4 percent
while the tests averaged a decrease of 2.4 percent.

In an analytical investigation, using finite elements,
Thacker and Epstein'’ demonstrated that the stagger should
probably have a sign associated with it. That is, positive
stagger, as defined by this study, should have an increase in
failure load, and negative stagger a decrease. These test
results are hardly conclusive, but do reinforce the analytical
work. The results presented here are for the ASD code treat-
ment. LRFD comparisons are more difficult due to the inclu-
sion of both F, and F,, and two spearate equations for block
shear. When attempted, however, LRFD comparisons show
results similar to those presented here for ASD.

Shear Length—Table 4 presents the comparisons for ASD
code and test results for those connections that only differ in
that parameter. In some cases, however, there was also a
change in the sign of the stagger (which makes no difference
in the code results). The results seem to indicate that, on the
average, the code is reasonably taking this parameter into
account. When the sign of the stagger is incorporated into the
code equations, the comparisons, on the average, are even
better.

A question which naturally arises is which connection
geometry to choose. For instance, if the load to be transmitted
requires four bolts, should the specified connection be a 2/2,*

5 inch Connected Leg

TEST/F A"

1.1r

1%,/;‘7 —x

0-93

e S
0.8?\.—__’>_<3'-

ar)

[

0.0‘ 1 a4 1
3 4 5 [}

Outstanding Leg (Inches) .
A" =3.038 sqln

a 2/2,” or an unstaggered 2/2° connection, if that is appropri-
ate. There are opposing factors at work in making this deci-
sion. The first is the increase in block shear strength associ-
ated with an increase in shear length. The second is the
decrease probably associated with negative stagger.

The test results indicate that the increase in shear length,
associated with the negative stagger patterns, more than off-
sets the decrease due to the stagger. Therefore, if block shear
is the mode of failure and stagger is either desirable or
required, the negative stagger pattern should be specified.
However, when the connections become long enough so that
net section is the failure mode, the positive stagger pattern
should probably be specified.

ADEQUACY OF THE AISC CODES
FOR BLOCK SHEAR

For ASD, the assumed factor of safety in connection designs
is 2.0. As seen in Table 2, the tests averaged nine percent less
than their desired strength. For LRFD, the nominal code
capacity should equal the failure loads of tests. On this basis,
the tests averaged 9.9 percent less than their desired strength.
It also takes into account the scatter of the test data by finding
the coefficient of variation of the test resistance.

Analysis of the data from the 38 connections tested on the
basis of a statistical approach is inappropriate for this study.
If the tests were only for block shear, this would make sense.
However, the tests spanned the range from true block shear
failure through net section failures. Therefore, while on the
surface the average results indicate that the codes reasonably
predict failure loads, a delineation from block shear to net
section failure must be accomplished.

When the results are grouped, consistent trends appear. For
instance, the ratios R, or R, are seen to increase, on the
average, as connections become longer. For the same length
of connections, these ratios also increase as the outstanding
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Fig. 4. Effect of the outstanding leg.
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Stagger Effects
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legs become shorter. Putting this another way, the ratios are
closer to their desired values the more that net section is the
mode of failure and for true block shear failures, the equations
are not as conservative.

There are many ways of representing the results to demon-
strate the observed trends. The parameter that best represents
the transition from block shear to net section failures is the
same used in the study of the shear lag effects,”” 1 —x /L. As
the connection length increases, this coefficient increases and
approaches one for long connections (net section). Also, as
the outstanding leg decreases, the centroidal distance x de-
creases and the coefficient again increases and approaches
one.

Figure 5 plots the ratio R, and R; as functions of 1 —x/ L.
The 38 data points for each represent the ratios given in Table
2 and the corresponding 1 —x / L calculated from the centroi-
dal distance and the length of each connection.'* " The trends
in the data become evident when a regression analysis is
accomplished. Least square straight line fits of the data are
shown in the figure. It appears that if connections were
considered that only exhibited block shear failure, the code
equations would be significantly deficient.

NEEDED AISC CODE MODIFICATIONS
There are many factors that point to the modifications needed

() = % using - 8%/4g tor negative stagger

in the present code equations. First of all, it was demonstrated
that eccentricity is present in these connections and accounts
for the trends observed. Then, it was seen that the code
treatment for the shear contribution to the block shear equa-
tions is adequate. If these conclusions are accurate, the impli-
cation is that the tension contribution is not being adequately
addressed. When one considers that shear lag (eccentricity)
for net section tension failure incorporates a reduction coef-
ficient, it then appears obvious that this coefficient is required
for block shear as well.

Figure 6 shows the results for R, and R, when the code U
is incorporated into the AISC code equations as follows:

ASD (J4-1,2):
P=03A,F+05UA, 4)
LRFD, the larger of (C-J4-1):

0P,=0.75(0.6F A, + F,UA,) )
or (C-J4-1):
0B,=0.750.6F, A, + F,UA,) ©)

The average value of R,, when U is included as in Eq. 4, is
now 2.038. Not only that, but the results of the regression
analysis on these new values of R,, as shown in Fig. 6,
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produce a conservative line with little slope. Similar behavior
is obtained for the LRFD ratio R, for which the average value
of R, is now 1.008 when the U factor is included, as in Egs.
5 and 6. The regression analysis for the new values of R;, as
shown in Fig. 6, also appears appropriate. Both lines are in
excellent agreement with their ideal values. It is therefore
strongly recommended that Egs. 4 through 6 be used for block
shear.

CONCLUSIONS

This study was conducted to see if the block shear failure of
angles in tension is substantially different from that of beam
web-to-column connections. The results of this study have
demonstrated this as well as showed some shortcomings in
the AISC code equations that were based on the beam web
studies. The effect of several of the parameters in the connec-
tion geometry was investigated. The eccentricity inherent in
the loading of these angles was shown to be a significant
factor in their failure. Eccentricity accounted for the role that
the length of the unconnected, outstanding leg played in the
failures.

The primary conclusion of this study is the need for modi-
fications in the AISC code treatment of block shear. The
proposed inclusion of the shear lag reduction coefficient U
for the tension area appears to produce appropriate results.
The extension to structural shapes other than angles, struc-
tural tees, for instance, is a subject that will require further
investigation. However, based on the inherent bending asso-
ciated with any tension member having U < 1, it seems
reasonable that the proposed code treatment should be appro-
priate and conservative for other shapes as well.
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Fig. 5. Rversus 1 —x/L.
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