Headed Steel Anchor under Combined Loading

PATRICK J. McMACKIN, ROGER G. SLUTTER, AND JOHN W. FISHER

THE INCREASING USE of headed steel anchor studs under
combined shear and tension loading has resulted in a
need for more information on their behavior and strength.
Some typical situations where this type of loading is
encountered in design are shown schematically in Fig. 1.
Anchor studs can provide an efficient method of joining
steel and concrete members and can permit greater
flexibility in the design of composite steel-concrete sys-
tems.

The existing criteria for designing headed steel anchor
studs with partial embedment in concrete is based on
limited test data and various models representing con-
nector behavior. Several empirical relationships have
been suggested in the literature.!? However, a number
of factors can affect the ultimate strength of a headed
steel anchor stud. They include the embedment length,
the development of tull or partial concrete shear cones
which depends on anchor spacing and boundary condi-
tions, concrete shear strength, shear friction, and the at-
tachment plate thickness.

Current design procedures assume that a full con-
crete shear cone at ultimate may develop depending on
the embedment length of the anchors and the boundary
conditions. A full shear cone is presently assumed to exist
if adjacent anchor center lines are at least a distance of
2L, + d, from the center line of the anchor shear cone, or
if no edge boundaries are closer to the cone than L, +
(dy/2), where L, is the embedment length and d, is the
head diameter of the anchor.

The full concrete shear cone pull-out capacity P,,
is assumed to be controlled by the embedment length
and the diagonal tension strength of the concrete.! The
diagonal tension force is assumed to act perpendicular
to the surface of the concrete cone.
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In the event that an anchor is located near a free
edge, or if the spacing of anchors is less than 2L, + d,
a reduction in capacity of the anchor is assumed. It has
been suggested that this capacity is in proportion to the
reduction of the surface area of the cone.!

When anchors are loaded in shear towards a free
edge, their shear capacity may also be affected. A rela-
tionship for this condition was previously developed from
tests on concrete inserts and was suggested for use with
headed steel anchors.!?

The purpose of this investigation was to develop in-
teraction relationships and design criteria for headed
steel anchor studs subjected to combined shear and ten-
sion loading. Anchors 34-in. in diameter with full tensile
embedment were tested under three different loading

Seat Angle Connected to
Concete Beam

Beam to Column Connection

Fig. 7. Typical application of headed steel anchors.
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Fig. 2. Typical test beam and anchor arrangement.

conditions; 7%-in. diameter anchors with full tensile
embedment in normal weight concrete made up the re-
mainder of the primary tests. In addition to these pri-
mary tests, $4-in. diameter anchors subjected to pure
shear and pure tension near a free edge were also tested.
The respective minimum embedment lengths for these
two conditions were used and the tests were performed
using normal weight concrete. Finally, 24-in. diameter
anchors with partial embedment in normal weight con-
crete were tested in pure tension in order to examine the
development of the full shear cone.

TEST PROGRAM AND PROCEDURE

The variables considered were the type of concrete
(normal or lightweight), connector length, angle of
loading (for the combined shear and tension tests), and
the free edge distance. The diameter of the anchors was
held constant at 34-in. with the exception of three tests
on 74-in. diameter anchor studs.

The anchors were embedded in. twelve concrete
blocks. Figure 2 shows a schematic of three typical test
blocks and the anchor test schedule. The combined load-
ing anchors were placed along the middle of the con-
crete block at 2-ft spacing. No anchor was closer than
12 in. to another. In order to facilitate handling and
testing, blocks were cast in 7-ft long pieces. All concrete
used was obtained from a commercial central mix plant.
Table 1 summarizes the concrete properties.

Anchors ?4-in. in diameter with both full (7-in.) and
partial (4-in.) embedment lengths were tested under com-
bined shear and tension loading. The 7-in. full embed-
ment length was developed in earlier pure tension
studies.® This length was shown to be adequate to de-
velop the tensile anchor capacity in 3,000 psi normal
weight concrete. Anchors with full embedment were
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tested in both normal weight and lightweight concrete
while anchors with partial embedment were tested in
normal weight concrete. Anchors with full and partial
embedment were also tested at various free edge dis-
tances in normal weight concrete under pure tension
loading. Anchors with adequate shear embedment were
also loaded in pure shear with various free edge dis-
tances in normal weight concrete.

Six 34-in. anchors with an 8-in. embedment length
were tested in lightweight concrete under both combined
and pure tension loading. Finally, three 74-in. x 8 in.
anchors were tested in normal weight concrete under
both combined and pure tension loading. The head
diameter of these anchors was 134 in. Three 34-in. x 4-
in. anchors were also tested in normal weight concrete
under pure tension.

Only loading angles of 30° and 60° were used for the
combined loading conditions. The 30° and 60° angles
were measured from the pure tension position (0°).
Table 2 shows the type of loading, location, anchor size

Table 1. Average Concrete Strengths
Testing
Day
28 Day Strengths Strength
Beams Comp. Tensile Comp. Age
(psi) (psi) (psi) (days)
A 4500 359°¢ 5270 87
B 4060 411 4900 85
C 4910 497 5180 68
D 4660 467 5300 58

D beam was lightweight concrete with average density of
121.6 pcf.

® Tested at 33 days.

¢ Result suspect due to non-uniform bearing along cylinder
length during testing.
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Fig. 3. Apparatus for combined loading.

and embedment size for all of the anchors tested, as well
as the ultimate load attained and the mode of failure.

The shear load for both the pure shear and combined
loading cases was applied by a 5,000 kip capacity Bald-
win hydraulic testing machine through a loading rig
designed specifically for the test program. The 200 kip
load range was used during the conduct of the test. A
hydraulic ram mounted on a jacking frame applied the
tension load component. Figure 3 shows the loading ap-
paratus.

For the combined shear and tension loading condi-
tion, both load indicating systems were connected to an
X-Y recorder. This permitted the desired loading angle
to be maintained throughout the test and eliminated the
need for incremental loading. Deflections and loads were
monitored and tabulated at intervals. The approximate
time for a test was ten minutes.

Since the combined loading tests were of primary
concern in the investigation, these tests were performed
first on each beam. The anchors under pure tension near
one free edge were tested next and the anchors under
pure shear near the other free edge were tested last.

The loading setup and procedure achieved the de-
sired combined tension and shear load condition for all
load levels. It was possible to load the specimens so that
the maximum deviation of the load vectors was within
plus or minus two degrees. This permitted the loads at

Fig. 4. Specimen A2-1 after failure: 34-in. x 7-in. anchor
under combined loading (30°).

ultimate to be determined with reasonable accuracy. In
a number of instances, the failure mode under combined
loading prevented additional tests from being performed
on the test beam.

TEST RESULTS AND ANALYSIS

Anchors Subjected to Combined Loading—The
primary objective was the investigation of stud anchors
under combined shear and tension loading. Three
categories were considered: (1) anchors with full em-
bedment in normal weight concrete, (2) anchors with
full embedment in lightweight concrete, and (3) anchors
with partial embedment in normal weight concrete.
The concrete compressive strengths were about 5,000 psi
in this study. However, since the embedment lengths
used were developed for much lower strength con-
cretes,®* the applicability of these test results to other-

Fig. 5. Specimen C7-3 showing shear cone: 34-in. x 4-in. anchor
under direct tension.
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Table 2. Test Results

Anchor Size &
Stud Embedment <Mode of
Number Type of Loading Location Length Ultimate Load Failure
Al-1 Pure Tension. ¢ 7" x 34 28.3 S
Al-2 « « « 28.5 S
Al-3 ¢ “ ¢ 28.0 S
D3-1 « « « 28.7 S
Al-4 Pure Tension 2" from edge 7" x 34" 19.5 c
Al-5 « ¢ “ 18.5 C
A2-4 Pure Tension 4" from edge 7" x 34" 31.5 S
A2-5 “ “ “ 29.3 S
B3-5 € € “ 29.4 S
C2-4 € € “ 29.4 C
A3-4 Pure Tension 6” from edge 7" x 34" 29.3 S
A3-5 c ¢ “ 28.8 S
B3-4 v € ¢ “ 31.5 S
C3-4 ¢ ¢ “ 29.5 C
C3-5 < “ “ 27.3 S
A2-1 2Combined—30° ¢ 7" x 34" 23.7-13.6° S
A2-2 ¢ « “ 19.1-11.3 C
A2-3 “ “ “ 23.6-13.75 S
D3-2 € € € 25.6-15.4 C
A3-1 Combined—60° ¢ 7" x 34" 12.9-21.3 S
A3-2 “ € ¢ 11.7-21.2 S
A3-3 € ¢ “ 13.4-23.6 S
D3-3 € ¢ “ 10.8-19.4 S
B1-1 Pure Tension ¢ 8" x 14" 43.0 C
B1-2 Combined-30° ¢ 8" x 14" 33.0-19.5 S
B1-3 Combined—60° ¢ 8" x 74" 17.3-30.6 S
D1-1 Pure Tension 8" x 34" 30.1 C
D1-2 € ¢ ¢ 31.5 C
D1-3 Combined-30° ¢ 8" x 34" 21.6-12.4 S
D2-1 o « “ 19.8-11.8 C
D2-2 Combined—60° ¢ 8" x 34" 12.6-22.0 S
D2-3 “ “ “ 13.3-23.6 C

concrete sirengths below 5,000 psi is reasonable provid-
ing the embedment length is not less than that used here.

The test data are summarized in Table 2. The failure
modes were basically of three types: failure of the stud
anchor, severe concrete cracking, and concrete cone
pull-out. Figures 4, 5, and 6 show examples of the dif-
ferent failure modes. The anchors exhibited very ductile
behavior for both the full and partial embedment cases.
Figures 4 and 6 show anchors exhibiting this ductile
behavior. '

All of the results obtained for the combined loading
specimens indicate that the design formulas suggested in
Refs. 1 and 2 provide a variable margin of safety.

Figures 7, 8, and 9 summarize the results of the
combined loading tests plotted with tension as ordinate
and shear as abscissa. Since the study did notinclude any
anchors subjected to pure shear, test data for shear
connectors reported in Ref. 5 were used for this condi-
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tion. Since an embedment length of 3 in. (4 diameters)
was used for these shear tests, the shear values shown are
a conservative estimate for the longer embedment con-
dition. It was shown in Ref. 5 that the difference in shear
capacity was not great for longer embedment lengths.
The concrete strengths in two studies were comparable.

Full Embedment, Normal Weight Concrete—Figure 7 sum-
marizes the combined load test results for the anchor
studs with full embedment in normal weight concrete.
An elliptical interaction curve of the form

P/A, %5 S/A, %—
<Pu/As> +(Su/As> -t

was found to be the best fit to the test data, where
P =

1

applied tension load

§ = applied shear load

P, = tensile capacity of the anchor =
S, = shear capacity of the anchor

0.4
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Table 2. Test Results (cont’d)

Anchor Size &

Stud Embedment ‘Model of
Number Type of Loading Location Length Ultimate Load Failure
C1-1 Pure Tension ¢ 4" x 34" 18.5 C
C1-2 “ “ “ 18.5 C
C1-3 ¢ ¢ € 17.3 C
B1-5 Pure Tension 2" from edge 4" x 34" 11.0 C
A2-6 Pure Shear 2" from edge 4" x 34" 4.35 C
A3_6 <c 33 (13 4 . 7 C
B1-7 “ € « 2.9 C
C3-6 113 (43 (13 3 R 3 C
A1-7 Pure Shear 4" from edge 4" x 34" 9.9 Cc
Al-8 “ € « 10.2 C
A2-7 Pure Shear 6" from edge 4" x 34" 20.0 C
A2-8 “ € « 19.0 C
A3-7 Pure Shear 8” from edge 4" x 34" 30.0 #
A3-8 < < << 32.0 #
B3-7 Pure Shear 10” from edge 4" x 34" 28.6 C
B3-8 € € ¢ 28.5 C
B2-1 Combined—-30° ¢ 4" x 34" 17.7-10.8 C
B2-2 € ¢ ¢ 17.6-10.8 C
B2-3 « ¢ ¢ 17.4-10.6 C
C2-1 ¢ ¢« ¢ 13.8- 8.4 C
C2-2 “ ¢ € 15.5- 9.6 C
C2-3 ¢ € ¢ 16.4- 9.6 C
B3-1 Combined—60° ¢ 47 x 34" 12.6-22.8 S
B3-2 ¢ ¢ € 10.4-18.4 C
B3-3 €« ‘¢ ¢ 10.0-18.0 C
C3-1 ¢ ¢ ¢ 12.6-22.2 S
C3-2 ¢ ¢ ¢ 13.0-23.6 C
C3-3 ¢ ¢ ¢ 12.0-21.2 S

¢ The angle is measured from the pure tension position being 0°.

? The first load is always the tension component.

S. = 1.106 4,f,"°3E % < P, (Ref. 5) (2)

where

A, = area of the anchor
f./ = 28 day compressive strength of concrete, ksi
E, = concrete modulus of elasticity, ksi

The shear connectors reported in Ref. 5 and the
anchors used in this study had directly comparable ten-
sile strength (o, = 64 ksi) and exceeded the minimum
tensile capacity required by the AWS specifications.®
Since the compressive strength of the normal weight
concrete was 5,000 psi, the shear capacity of the anchors
was taken equal to their tensile capacity. The values of
P./A, and S,/ A, were both taken as 64 ksi when plotted
in Fig. 7.

For purposes of comparison, the test results obtained
using 7%-in. anchors with 8-in. embedment length are
plotted in Fig. 7 as squares. The 7%-in. anchors had
greater tensile strength than the 34-in. anchors. Under
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¢S Stud failure.
C Concrete failure.
# Loading terminated before complete failure.

combined loading the increased tensile capacity was not
a significant factor and only slight increases in the tensile
and shear components were observed.

Full Embedment, Lightweight Concrete—Test results for
anchors in lightweight concrete exhibited considerably
more variability than those of anchors tested in normal
weight concrete as illustrated in Fig. 8. Two anchor
lengths were examined. However, it is apparent from
the results that the concrete strength was high enough
so that no appreciable difference could be attributed
to the anchor length. It is probable that an increased
length may be necessary for anchors embedded in light-
weight concrete having lower compressive strength.
The shear strength of the studs is also decreased when
the connector is embedded in lightweight concrete.?
Equation (1) is compared with the test data for em-
bedment in lightweight concrete in Fig. 8. The tensile
capacity of the anchors was again taken as 64 ksi, since
their full capacity was developed in direct tension. The
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STUD SIZE| fc | CONCRETE
SYMBOL| BEAM |5 " | (psi) | TYPE

N A 34" x 7" | 5270| Normal
7g"x8" | 4900 "
X Ref. 5 | ¥%"x3" | 5080 "

100
80 300
=
=
<
60
s
=1 =<
3 o S~ Eq. |
\\\ 600
Fig. 6.  Deformation of 34-in. x 7-in. anchor under combined 5 a0 \
loading (30°). ) \
z L \\ £
- (Y q. 5
. . . 20+ \ \
shear capacity as determined from Eq. (2) was 50 ksi. \ Eq 3
It is apparent that Eq. (1) also provides a reasonable - A
lower bound fit to the test data and accounts for the A I
reduction observed for lightweight concrete. 0 20 40 60 80 100

Reference 1 suggested a combined tension and shear SHEAR LOAD /As (ksi)

relationship for the following ultimate strength design

condition: Fig. 7. Strength of anchors in normal weight concrete—
’ Sfull embedment.
P\? S\2
) tla) =1 (3)
) STUD SIZE| fc |CONCRETE
where SYMBOL| BEAM |” Dy 1o | (psi) | TYPE
P, = ¢4, = 0.905,4; a D 34"x7" | 5300 |Light-Weight
Sy = 0.750,4; o D 3"xg" | 5300 "
b4 Ref. 5 | 34"x3" | 4300 "

Equation 3 is plotted in Figs. 7 and 8. It is readily ap-
parent that Eq. (3) does not provide a uniform margin of
safety for all conditions of combined tension and shear

and does not reflect the reduction for lightweight con- 1001~
crete.
,A better design relationship can be obtained from i 300

Eq. (1) by applying an appropriate reduction factor ¢. 80—

A uniform ¢ factor of 0.9 for ultimate strength design = &

results in - 2
< 6o+ L

P, = 0.90,4, = 544, (42) P
=4 L =<
Sy = 0.9 X 1.1064,f,"03E 0% < 544, (4b) S N> Eq. | 60°
. > B

when Eqs. (4a) and (4b) are substituted into Eq. (1), 2 0 N\ \\

the following design equation is obtained: Z - 8
o A

<P>% (S < 5 200 /FEOT_A\\ Ee 3
— - 1
n) T Su> - ® B W

Equation 5 is also plotted in Figs. 7 and 8 and provides a PR S S— ‘ Pey L1 8'0 L —Lloo

good estimate of the ultimate strength under all condi- ° 20 40 e

. . . . SHEAR LOAD /Ag (ksi)

tions of combined loading for both normal weight and

lightweight concrete. Fig. 8. Strength of anchors in lightweight concrete—jfull embedment.
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STUD SIZE| fc |CONCRETE
SYMBOL| BEAM |"py o | (psi) TYPE
] B %4"x 4" | 4900 | Normal
c 34"x4" | 5180 .
X Ref. 5 | ¥*x3" | 5080 u

L 2hetdp |
[ —| Concrete
100~ i Surface
-
Cone Failure Plane
Surface Area
80— o)
N Agv/Z Lo T (Letdp)
Headed Concrete
60 Anchor

TENSION LOAD /As (ksi)

SHEAR LOAD / Ag (ksi)

Fig. 9. Strength of anchors in normal weight concrete—
partial embedment.

Partial Embedment, Normal Weight Concrete—Figure 9
summarizes the test results for anchors with partial em-
bedment length (4 in.) in normal weight concrete.

An elliptical interaction curve of the form:

P 2% S 5%
() +(s) - ©

Fig. 71.  Failure done of 34-in. x 7-in. anchor in direct tension
located 2 in. from boundary.

was found to best fit the test data where P and .S are the
applied load in kips and where

Po = 4V/1/4, (Refs. 1 and 2)
= 0.56C(L, + )LV . < cud,

where

L, = embedment length

d, = head diameter

C = 0.75 for ““all lightweight concrete”
0.85 for sanded lightweight concrete
= 1.0 for normal weight concrete

Il

The full shear cone tensile strength P,, was taken from
the relationships suggested in Refs. 1, 2, and 7 for the
anchor capacity with partial embedment, providing a
full shear cone develops. The shear capacity .S, is defined
by Eq. (2).

30
>
o
x
a STUD SIZE| fc |CONCRETE
S o0 SYMBOL| BEAM | pxLe |(psi) TYPE
I
o ° BeamC | 3/4"x4" | 5180 | Normal
b= " "
s} o 7SHa,b| ¥a"'x4" | 3000 "
2 A A | 7DHb | ¥%"x3%¢| 3000 "
|"'—" o 7STHa,b| 34"x 4" | 3000 "
o o @ % From Ref. 4
w
14
2
(]
<<
w
s
1 ] | ]
o] 10 20 30 40

PREDICTED CAPACITY (kips)

Fig. 70. Comparison of measured and predicted strength for partial embedment.
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STUD SIZE| f CONCRETE
SYMBOL| BEAM |”ox e | (psi) | TYPE
A A ¥8'x7" | 5270 | Normal
3ty 7" "
a0k = B /4.x7“ 4900
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8 39 : l __________
= / A
o
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3 201 g Eq. 9 m
4 24 o+dh
o l_.__e___|
g / “fde
w T,
- 10 / xi — —dh Le
/ L= ¢ L
/ —~ dp
| 1 | | | |
o] 2 4 6 8 10 12

FREE EDGE DISTANCE (in.)

Fig. 12.  Strength in tension of connectors located near a free boundary—full embedment.

Equation 6 is plotted in Fig. 9 and is in reasonable
agreement with the test data. It is again apparent that
Eq. (2) provides a better estimate of the shear capacity
than the value suggested in Ref. 1.

An ultimate strength design equation can be obtained
from Eq. (6) by applying an appropriate reduction
factor ¢. A uniform ¢ factor of 0.85 results in the follow-
ing equations:

Po = 0.475C(L, + d)LNVF.' < 0.850,4, (7a)

Sy = 0.944,f,/°3E 24 < 0.85¢,4; (7b)

When Eqgs. (7a) and (7b) are substituted into Eq. (6),
the following design equation is obtained:

P\* S\
— Z) <

Equation 8 is also plotted in Fig. 9 and provides a reason-
able design relationship.

(8)

Comparison of Predicted- and Measured Anchor Capacity in
Tension—To permit the development of full shear cones,
34-in. x 4-in. anchors embedded in normal weight
concrete were tested in pure tension. The results are
summarized in Fig. 10. The predicted anchor capacity
is compared with the test results. Also plotted are the
results of tests on concrete anchors reported in Ref. 4.
The predicted load was determined from Eq. (7a).

It is apparent from the results summarized in Figs.
9 and 10 that Eq. (7a) provides a reasonable estimate of
the anchor capacity for a full shear cone and partial
embedment. This is true for direct tension or for a com-
bined shear and tension condition.
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Anchors Subjected to Tension Loading at a Free
Edge—The investigation of anchors with full embedment
in normal weight concrete and loaded in tension a vari-
ous free edge distances was one of the secondary objec-
tives of this program. The test results are summarized
in Table 2. A typical failure mode is shown in Fig. 11.

The test data are plotted in Fig. 12 as a function of
the free edge distance. It is apparent that an edge dis-
tance of four or more inches is needed to develop the
full capacity of the 34-in. x 7-in. anchors. References 1
and 2 suggest that for the depth of embedment and con-
crete strength of the tests summarized in Fig. 12, the
partial shear cone provided by an edge distance of only
one inch should develop the anchor capacity. It is ap-

Fig. 713. Failure of 34-in. x 4-in. anchor in shear located
2 in. from boundary.
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SYMBOL| BEAM DxLe (psi) TYPE
A A 34"x 4" | 5270 NWC
= B 34"x4" | 4900 NWC
[ c 34"x4" | 5180 NWC

FREE EDGE DISTANCE (in.)

Fig. 74.  Strength in shear toward a free boundary.

parent from the test results that this is not true. Only
about 60 percent of the anchor capacity was developed
at an edge distance of 2 in. The model suggested in Refs.
1 and 2 overestimated the anchor capacity.
A better estimate of anchor capacity is provided by
P, = 2d. P, < 0.850,4; )
9D
where
P,, is defined by Eq. (7a)
d, = distance from the center of the anchor to the
free edge, in.
D = stud diameter, in.

In many cases encountered in design, anchor center-
to-center spacings or edge boundary conditions will
seldom permit development of the full capacity of the
stud. A similar condition may occur when a cluster of
anchors are spaced less than the embedment length of
the anchors. The possibility of failing an entire trun-
cated pyramid of concrete rather than individual shear
cones must be considered. This may result in a lower
capacity than estimated from individual anchors. The
resistance of the truncated pyramid of concrete can be
estimated from the ACI Code provisions.

Anchors Subjected to Shear Loading at a Free
Edge—The other secondary objective of this program
was the investigation of anchors with adequate shear
embedment in normal weight concrete and loaded in
shear at various free edge distances. The test results are
summarized in Table 2. A typical failure mode is illus-
trated in Fig. 13. The results are plotted in Fig. 14 as a
function of the edge distance. The edge distance was

measured from the center line of the anchor to the edge
of the beam.
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References 1, 2 and 8 have suggested that the design
capacity of anchors subjected to shear loading near a
free edge is given by

Sew = ¢(2.5d, — 3.5) (10)

where

d, = edge distance in the direction of load, in.
Scu = ultimate shear capacity, kips

Equation 10 is compared with the test data in Fig. 14.
The test results indicate that Eq. (10) is conservative for
the high concrete strengths used in the investigation. It
was also noted in Ref. 1 that Eq. (10) provided a con-
servative estimate.

A better estimate of the anchor capacity under this
type of loading is given by

d, — 1
8D

S, = Su< > < 0.85T,4, (11)

where
Sy is given by Eq. (7b)
d, = distance from the center of the anchor to the
free edge, in.
D = stud diameter, in.

The results indicate that an edge distance of about
8 in. is required to develop the capacity of the 34-in.
anchor stud.

SUMMARY AND CONCLUSIONS

The findings of this program provide an indication of the
behavior and strength of headed concrete anchor studs
under a variety of loading conditions. The results pro-
vide reasonable estimates of the capacity of headed con-
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crete anchor studs in tension, shear, and combined ten-
sion and shear.

The results of the tests on anchors with full embed-
ment in normal weight concrete loaded in combined
shear and tension show that the design interaction curve
given by Eq. (5) provides a reasonable estimate of
anchor capacity. The results of the tests on the anchors
with full tensile embedment in lightweight concrete
loaded in combined shear and tension were also de-
scribed by Eq. (5).

The anchor studs with partial embedment in normal
weight concrete tested under combined shear and ten-
sion yielded results that were reasonably described by
the interaction curve given by Eq. (8). The margin of
safety for pure tension and the 30° loading cases was not
quite as great as the 60° and pure shear conditions. The
interaction relationship differed from the full embedment
case only in the tension resistance. A tensile shear cone
was used to describe the tension component.

About 4 in. of edge distance was required to develop
the capacity of anchors with 7-in. embedment lengths
loaded in pure tension in normal weight concrete. The
truncated shear cone!? overestimated the capacity of
anchors closer to a free edge. Equation (9) was observed
to provide a more reasonable estimate of the reduced
anchor capacity when anchors are located near a free
edge.

The results of tests on anchors with adequate shear
embedment (44) in normal weight concrete loaded in
pure shear at a free edge, indicate that Eq. (11) provides
a more reasonable estimate of the anchor capacity under
this type of loading.
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The test results of anchors with partial embedment
and full shear cones in normal weight concrete loaded
in pure tension indicate that the capacity predicted by
Eq. (7a) was reasonable.
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