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Tensile Capacity of Anchors with Partial or Overlapping
Failure Surfaces: Evaluation of Existing Formulas on an
LRFD Basis

by C. Ben Farrow and Richard E. Klingner

This study concerns the prediction of tensile capacity, as governed by con-
crete cone failure, of single anchors located close to a free edge and multi-
ple anchor groups located far from a free edge and installed in uncracked,
unreinforced concrete. A total of 160 data points is available for single
anchors close to a free edge, while 185 data points are available for multi-
ple anchors. A total of 31 data points consisting of data on high-strength
anchors previously compiled by Klingner et al., Collins et al., and Cannon
is accessible from tests on single anchors failing by fracture of the anchor
steel.

Using common definitions and nomenclature for all variables and mate-
rial properties, each data set is placed in a data base using SI units and
concrete cube strengths. The concrete failure data are then compared with
capacities predicted by the three existing methods: the 45 deg cone method
of ACI 349-90, Appendix B; a variable angle cone (VAC) method; and the
concrete capacity (CC) method. Observed data are compared against these
existing methods in terms of average square error and load and resistance
factor design (LRFD). Finally, using the principles of LRFD, and following
the design procedure of ACI 349-90, the probability of steel failure or con-
crete cone failure under known loads and concrete cone failure under
unlimited loads is calculated. Based on those comparisons, each approach
is evaluated with respect to accuracy and suitability for use in design.

For single anchors located near a free edge and for multiple closely
spaced anchors, the CC method fits most of the data better than either the
ACI 349-90 method or the VAC method, and gives lower and more consis-
tent probabilities of failure. This is especially evident at very shallow and
very deep embedments.

Keywords: anchor bolts; anchors (fasteners); safety; structural design.

INTRODUCTION

The overall objective of this research is to evaluate the ac-
curacy and suitability for use in design of specific methods
for predicting tensile anchor capacity as governed by con-
crete cone failure. A previous study by Klingner et al. fo-
cused on evaluating each of the methods for single anchors
far from a free edge and from other anchors.! In particular,
this study focuses on single anchors located close to a free
edge, and on multiple closely spaced anchors located far
from a free edge. All data studied here refer to tensile an-
chors installed in uncracked, unreinforced concrete.
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REVIEW OF AVAILABLE ANCHOR FAILURE DATA
Concrete cone failure data

All information on concrete failure was obtained from a
data base compiled by Fuchs and Breen using results of tests
on anchor bolts, headed studs, undercut anchors, and expan-
sion anchors. Additional test data were obtained through cor-
respondence with Cannon, Eligehausen, and Orr.

The original data base of Fuchs and Breen contains the re-
sults of over 1500 tests on anchors. These tests include an-
chors tested in shear and tension for a wide range of anchor
configurations. Recent correspondence with Cannon, Elige-
hausen, and Orr has provided data from approximately 50
additional tests on anchors loaded in tension. Considering
only those anchors loaded in tension and failing by forma-
tion of a concrete cone, the data bases yielded a total of 160
data points for single anchors located near a free edge, and
185 data points for multiple closely spaced anchors. The lat-
ter included two-anchor groups, four-anchor groups, and 16-
anchor groups (connections with four groups of four an-
chors). Because most of the concrete cone failure results
were obtained from European tests, the original concrete
data base was prepared in SI units. Thus, concrete strength is
expressed in terms of cube strength. Although the original
data base contains tests conducted in both Europe and the U. S.,
Eligehausen, Fuchs, and Breen report no difference in ten-
sion test results between the two groups of data.?

No adhesive or bonded anchors are included in this study.
All anchors included in this study were tested under concen-
tric static loading. This factor is of special significance in
comparing the concrete capacity (CC) method with either the
ACI 349-90 method or the variable angle cone (VAC) meth-
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Steel failure data

Data on steel failures were obtained from a data base pre-
viously published by Klingner et al,2 from tests performed by
Collins,* and from recent correspondence with Cannon using
results of tests on anchor bolts and headed studs. The datare-
fer to single anchor tests only. This data base includes tests
on both high-strength anchors and regular anchors. Since
many segments of the anchor industry are moving toward the
use of high-strength anchors, this study uses only the data
available on high-strength anchors in its evaluation of the
probability of failure of each of the three methods. A total of
31 testson high-strength anchorsis utilized. Because most of
the steel failure data were obtained from U.S. tests, the orig-
inal data base was prepared in U.S. units. Concrete strength
isexpressed in terms of cylinder strength.

Selection of data to be excluded

Some data on the original concrete data files were exclud-
ed from further consideration based on thefollowing criteria:

Single anchors near a free edge

1. Test data from single anchors failing by side blowout
were excluded. Anchors placed close to a free edge can fail
prematurely by creation of a partial cone,° or by side blow-
out.>>7 The edge distance within which a partial cone forms
is far greater than that at which side blowout is a problem.
This explains why this data base contains few points with
very low ratios of edge distance to embedment.

2. Test datafrom anchors located sufficiently far from the
edge so that a complete failure surface develops are not in-
cluded in the data base. The limiting edge distance chosen is
that distance at which all three methods (ACI 349-90, VAC,
and CC) consider the anchor as asingle anchor, uninfluenced
by edge conditions. The shallowest cone angle predicted by
the VAC method is 28 deg.®® This value is less than that of
either the ACI 349-90 method (45 deg cone) or the CC meth-
od (35 deg pyramid). The 28 deg angle implies that anchors
are affected by afree edgeif they are placed closer to thefree
edge than (h/tan 28 deg) + d/2 or (1.9 h, + d/2). However,
none of the anchors from the data base that were located
close to afree edge have an embedment depth small enough
to meet thislimiting criterion. Hence, the governing formula
isthe CC method, with its assumption of approximately a 35
deg pyramid. This method is influenced by edge distances if
anchors are less than 1.5h, from the edge.

Multiple closely spaced anchors

1. Test data from multiple anchors located sufficiently far
from other anchors or located close to a nearby edge are not
included in the data base. The limiting center-to-center dis-
tance of the anchors chosen is the spacing at which all three

methods (ACI 349-90, VAC, and CC) evaluate the group of
anchors as an equivalent number of single anchors with no
influence from other anchors. The shallowest cone angle
predicted by the VAC method is 28 deg.®® Thisvalueisless
than that of either the ACI 349-90 method (45 deg cone) or
the CC method (35 deg pyramid). The 28 deg angle implies
that anchors are affected by other anchorsiif they are placed
closer to anchors other than 2([h/tan 28 deg] + d/2) or 2(1.9
he+ d/2). However, no anchors from the data base tested as
part of an anchor group have an embedment depth small
enough to meet this limiting criterion. Hence, the governing
formula is the CC method, with its assumption of approxi-
mately a 35 deg pyramid. This method assumes that anchors
will interact if spaced closer than 3.0h,.

2. A series of ninetestsis available involving unsymmet-
rically spaced group anchors. Specifically, the tests are
groups of 16 anchorsin which the anchors are cast in groups
of four, symmetrically placed about a center point. Becauise
the spacing between anchors within each group of four is not
the same as the spacing between an anchor and the nearest
anchor in an adjacent group, this pattern cannot be described
by a single ratio of anchor spacing-to-embedment depth.
These points are not included in the calculations to simplify
the calculation process and avoid the influence of possible
eccentric load.

ACI 349-90 has requirements for the minimum bearing
area of the anchor head. The concrete data base has not been
checked for compliance with those requirements. Thisis es-
pecially important to the single anchors located near a free
edge, since the design of some of the anchors may be gov-
erned by this criteria. However, as previously stated, all
“blowout” failures are excluded from the data base.

Several design guides place minimum limitations on the
diameter of the anchor shaft and the minimum anchorage
depth. For instance, the UEAtc® limits shaft diameter to
0.236 in. (6 mm) and embedment depth to 1.575in. (40 mm).
However, no check is made to insure that these criteria are
met in this data base.

PRINCIPAL METHODS FOR PREDICTING
CONCRETE CONE CAPACITY

General

In this section, the three principle existing methods for
predicting concrete cone capacity are described mathemati-
cally for both single anchors near a free edge and multiple
anchors. All equations are expressed in Sl units (N, mm, and
concrete cube strength). Note that in evaluating the ACI 349-
90 and VAC methods for predicting concrete capacity, the
head diameter dy, is assigned a value equivalent to the actual
diameter of the anchor. This, it isbelieved, is consistent with
the latest deliberations of ACI Committee 349. When capac-
ity prediction methods are used for design, they are ex-
pressed in terms of specified concrete compressive strength
(denoted by f..9. When capacity prediction methods are
compared with test results, the actual concrete compressive
strength is used (denoted by f..). For the equations to remain
consistent with their original sources, they are written using
the notation f .. Variables used inthesethree capacity predic-
tion methods are defined as follows:
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Table 1—Comparison of error using each method
for single anchors near a free edge far from other
anchors, Sl units”

Ra_ltio of edge Error, *N” mm
ambesmendeptn| AQ o0 [ VAC T ce
0.45-0.60 16,770 16,882 4955
0.601-0.75 12,016 12,096 5111
0.751-0.90 15,555 15,559 2696
0.901-1.05 22,485 22,495 5677
1.051-1.20 10,693 10,849 3554
1.201-1.35 32,345 32,286 1801
1.351-1.50 5960 5943 5319

*Square root of sum of square error.

A, =actual projected area of anchor or anchor group

A, =projected areaof all anchors not limited by edge or
spacing influences

h, = embedment length, measured from free surface to
the bearing surface of the anchor head, or, for expansion an-
chors, to the point of bearing of the expansion mechanism

d, =diameter of anchor head, taken as anchor diameter

q = cone angle, measured from the failure surfaceto a
plane perpendicular to the anchor axis

=45degforh,® 127 mm (5in.)
= 28 deg + (0.13386 h,) deg for h, < 127 mm (5in).

Method of ACI 349-90, Appendix B*°

Nominal cone capacity of concreteis based on amaximum
tensile stress of 4 ﬁ (psi units), idealized as uniformly dis-
tributed on the projected area of a 45 deg stress cone radiat-
ing toward the attachment from the bearing edge of the
anchor (Reference 10). Locating an anchor near a free edge
reduces the projected area of the 45 deg stress coneif the 45

Table 2—Comparison of error using each method
for multiple closely spaced anchors far from a free
edge, Sl units*

Ratio of spacing- Error, +N * mm
to-embedment | AC| 349-90 VAC cc
depth method method method
0.27-0.45 10,081 10,081 10,128
0.451-0.60 2676 2795 3513
0.601-0.75 2577 2577 3150
0.751-0.90 4559 4524 1467
0.901-1.05 2687 2623 1900
1.051-1.20 1748 1827 1514
1.201-1.35 3522 2381 3018
1.351-1.50 5877 5850 2355
1.501-2.00 3374 2880 2393
2.001-2.50 3658 3004 2728
2.501-3.00 3384 2014 2433

B
Square root of sum of square error.

deg cone intersects the edge of the concrete. Similarly, locat-
ing an anchor near other anchors reduces the projected area
of the 45 deg stress cone due to overlapping failure surfaces.
The ACI 349-90 equation for various cases of edge distance
and spacing can be expressed in general form. When using
Sl units, the concrete cone capacity is determined by

/TApp_ 0.96 ffchel he + di] (1)

, 0

Variable angle cone method?38

The VAC method is identical to that of Appendix B of
ACI 349-90, except that the maximum tensile stress is as-
sumed to be distributed uniformly on the projected area of a
variable angle stress cone radiating toward the attachment
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Fig. 1—Comparison of error using each method for single anchors near free edge
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from the bearing edge of the anchor. The VAC equation for
various cases of edge distance and spacing can be expressed
in general form.®8 When using Sl units, the concrete cone
capacity is determined by

B 096,720 5[£+ 2
22096 i, @

°“etany@| tanqg

dh}
CC method®
Locating an anchor near afree edge reduces the projected
area of the 35 deg stress pyramid if the 35 deg pyramid inter-
sects the edge of the concrete. Similarly, locating an anchor
near another anchor reduces the projected area of the 35 deg
stress pyramid if the 35 deg pyramid intersectsthe stress pyr-
amid of the other anchor. The CC method adopts the ACI
349-90 procedure by multiplying by the ratio of the actual
projected area (net area) to the projected area of the anchor
not limited by edge influences (gross area). When using Sl
units, the concrete cone capacity is found by

Aﬁ\Ly s\ ec 155 «/Hché's for Headed Studs
p, O

A
Ap 03 SNy ec

135 fcchi'sfor Undercut or Expansion Anchors  (3)

where
Yy = 1ifc;/h,S1.5
=0.25(2.5+ ¢;/hy) if ci/h<1.5
Ve = V(A +26/(3h)) £ 1

4

e =eccentricity £ §2
In the previous equations, ¢, is the edge distance and sisthe
anchor spacing. The eccentricity factor is assumed equal to
1.0 (that is, concentric loading) for all failure data included
in this study. The variables used in these equations are fur-
ther defined in Reference 5.

COMPARISON OF EXISTING METHODS WITH
AVAILABLE DATA

The equations previously given for each of the three meth-
ods (Sl units) are normalized by dividing by ,ff,. and the
number of anchorsin the group. These normalized resultsfor
both single anchors near a free edge and multiple closely
spaced anchors are then compared with avail able failure data
by evaluating the square root of the sum of the squares error
for both single anchors near afree edge and multiple closely
spaced anchors. All comparisons are presented graphically
interms of Sl units.

Tables 1 and 2 and Fig. 1 and 2 demonstrate that, for most
embedment depths, the CC method has a square error lower
than that of either the ACI 349-90 or the VAC methods.
However, for multiple anchors with small ratios of spacing-
to-embedment depth (gh, £ 0.75), the ACI 349-90 and VAC
methods have alower square error than the CC method.

The CC method seems particularly advantageous when
examining the sguare root of the sum of the square error for
single anchors near a free edge and far from other anchors.
The CC method has alower error than either of the other two
methods. Thisis true mainly because of the effect of includ-
ing al embedment depths in each range of edge distance-to-
embedment depth. The ACI 349-90 and VAC methods do
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not fit available failure data very well at large embedment
depths. The effect of this divergenceisto increase the sum of
the square error for every range of edge distance-to-embed-
ment depth.

No distinct conclusion can be drawn from the square error
data for multiple anchors. There are only two casesin which
the CC method is noticeably different than either the ACI
349-90 or VAC methods (0.75 £ s;/h. £ 0.90 and 1.35 £ s,/
he £ 1.50). In both cases, alarge number of tests with large
embedment depths and the same configuration are present in
the available data. This seems to imply that the CC method
best fitsthe available data for casesin which the embedment
depth islarge.

For single anchors located near a free edge, the VAC
method has a square error only slightly different from that of
the ACI 349-90 method. However, some advantage can be
obtained for some ratios of spacing-to-embedment depth for
the case of multiple anchors.

Tables 1 and 2 are consistent with Fig. 1 and 2. However,
this method of error analysis does not present acomplete pic-
ture of the reliability of a given formula. It assigns more
weight to data pointslocated far from the values predicted by
the equation under consideration. A few data pointslying far
from the curve can have as much effect as alarger number of
points close to the curve. Because each data point does not
contribute equally in the error analysis, some distortion is
created. Also, this method does not distinguish systematic
error from random error. An examination of plots of predict-
ed capacity-versus-actual capacity illustrates that the ACI
349-90 cone method is consistently conservative for shallow
embedments.*>1? This fact is not disclosed in comparisons
of square error.

LRFD IMPLICATIONS OF EXISTING METHODS
General
Each of the three capacity prediction methodsis evaluated

in terms of load and resistance factor design (L RFD) for both
single anchors near a free edge and multiple closely spaced
anchors. In particular, both the probability of steel fracture or
concrete cone failure under known loads and the probability
of concrete conefailure under unlimited loads are cal cul ated.
Subsequently, each approach is compared on the basis of ac-
curacy and suitability for use in design.

Several assumptions have been made to facilitate proba-
bility of failure calculations. First, all three methods are
compared using the concrete cone understrength factor of
ACI 349-90 (f =0.65), aswell asthe corresponding load fac-
tor (1.7). The effect of both the understrength factor and the
load factor is to decrease the probability of failure.

Second, both concrete cone and steel fracture dataare pre-
sumed to be normally distributed. This supposition is based
on a previous study, prepared for the Tennessee Valley Au-
thority,! on single anchors far from a free edge and remote
from other anchors. For this study, the assumption of a nor-
mal distribution is judged reasonable if sufficient data is
available for study.

Probability of failure under known loads
The objective of calculating the probability of steel failure
or concrete cone failure under known loads is to determine
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the safety of a single anchor near a free edge or a group of
multiple closely spaced anchors designed according to the
load and understrength factors of ACI 349-90.

To determine this probability of failure, three distinct dis-
tributions must be defined: 1) the applied loading on the an-
chor; 2) the capacity of atensileanchor, asgoverned by steel
fracture; and 3) the capacity of atensile anchor, as governed
by concrete cone failure. As stated previously, both steel re-
sistance and concrete resistance are assumed to follow anor-
mal distribution. In addition, this study assumes that the
loading applied to the anchor follows a normal distribution.
No research was performed to determine distribution of an-
chor loads. These assumptions uniquely define the probabil-
itiesof failure. If loads or resistances had been assumed to be
distributed in some other way (log-normal), the probabilities
of failure would change. However, the same principles
would have been followed in computing each probability of
failure.

Statistical distribution of applied loading

For thisanalysis, theload is assumed to be known and dis-
tributed according to available statistical data. Moreover, an-
chor loads are presumed to be distributed normally, with an
arbitrary mean of 1.0 and an arbitrary coefficient of variation
of 0.2 (Fig. 3). No units are specified with this distribution
because the distribution isindependent of the units. Further-
more, the application of the loading curve is dependent only
on the relationship of this curve to the curves of steel resis-
tance and concrete resistance. Provided that units are consis-
tent, they are otherwise unimportant.

Measurements of liveload on typical office buildingshave
shown that building codes generally specify live loads at the
95 percentile value!3 In other words, the prescribed valueis
greater than or equal to 95 percent of the observed load val-
ues. On that basis, the design load isfixed at the 95 percentile
value of the assumed average load distribution. According to
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the assumed loading distribution, the 95 percentile |oad cor-
responds to a value of 1.385.

Statistical distribution of anchor resistances as
governed by steel

Based on the 31 test values discussed previously, the sta-
tistical distribution of actual steel resistances divided by the
ACI 349-90 predictions has a mean value of 1.444. Assum-
ing the use of a normal distribution for steel resistance, the
corresponding coefficient of variation is 0.156. Note that
load factorsandf factorsare not used in computing the mean
and coefficient of variation. However, these factors are in-
cluded in the probability of failure calculations.

According to ACI 349-90, the required steel resistance
must be greater than or equal to the factored load. Design
values for anchor steel resistances are defined as the smaller
of either f Af, or 0.8Af ;. Since the area of steel is constant
for agiven anchor, steel resistance is governed by the smaller
of either f, or 0.8 f,;. For the high-strength anchors compris-
ing the data base, the value f Af, always governs. For exam-
ple, consider atypical A193-B7 anchor bolt. Thisanchor has
avyield strength of 105 ksi and an ultimate strength of 125
ksi. Since f fy = 94.5ksi<0.8f, =100 ksi, theyield strength
governs.

Because f f, governsthe design of every anchor in the data
base, the required steel resistance is calculated based on the
yield criterion. Therefore, the minimum required steel resis-
tance is equal to the design load (the 95 percentile value of
the load distribution = 1.385), multiplied by the load factor
for liveload (1.7), and divided by ACI 349-90'sf factor for
the yield strength of steel (0.90).

Minimum required steel resistance = 1185—9—11 = 2.6154)

This required steel resistance is shown in Fig. 4.
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Fig. 5—Actual steel resistance

Thus, the mean of the actual steel resistance can be defined
asthe product of the required steel resistance (2.615) and the
calculated mean of the actual capacity-to-predicted capacity
from the high-strength steel data (1.444).

Actual mean steel resistance = 2.615" 1.444 = 3.78 (5)

AsdepictedinFig. 5, the coefficient of variation of the ac-
tual steel resistanceisthe same asthe coefficient of variation
for available data on high-strength anchors.

In addition to the required steel resistance, one can define
a theoretical steel resistance equal to the greater of either
f A, or Adf. If the required steel resistance is governed by
f,, then theoretical steel resistance is equal to the required
steel resistance multiplied by the ratio of f,; tof,.

Theoretical steel resistance=2.615" 1.2 = 3.138 (6)

For purposes of this study, the ratio of f,; tof, is taken as
1.2. A comparison of the theoretical steel resistance and the
steel resistance required by 0.8 A, is shown in Fig. 6. Ob-
serve that these values are relatively close, and that neither
governs compared to Af,.

Statistical distribution of anchor resistances as
governed by concrete cone capacity
According to the provisions of ACI 349-90, the required

nominal concrete strength of the anchor, reduced by an un-
derstrength factor of 0.65, must at least equal the specified
ultimate tensile capacity of the anchor steel. As stated previ-
ously, therequired nominal yield capacity of the anchor steel
(vield strength of the anchor steel multiplied by the tensile
stressarea) is2.615. Thus, the required nominal concrete ca-
pacity of the anchor is 2.615, multiplied by the ratio of spec-
ified ultimate strength to specified yield strength and
reduced by the f factor for concrete. As stated previously,
the ratio of ultimate strength-to-yield strength istaken as 1.2.
Thistheoretical concrete cone capacity is calculated asfoll ows

Theoretical concrete resistance = 2.615 " 1.2° 0—2—5 =483 (7)

Theseresults areillustrated in Fig. 7.
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The actual concrete resistance mean is figured by multi-
plying the theoretical concrete resistance (4.83) by theratio
of actual concrete resistance-to-predicted concrete resis-
tance. The ratio of actual concrete resistance-to-predicted
concrete resistance is found from available concrete cone
failure data from the data base (Fig. 8). Consider the CC
method for single anchors near a free edge with edge dis-
tance-to-embedment depth ratios of 0.601-0.75

Actual mean concrete resistarce =4.828" 1.10 =5.31 (8)

Combining load, steel resistance, and concrete
resistance
Based on the calculated distributions for load, concrete re-

sistance, and steel resistance, a distinct set of numbers can be
selected that represents some combination of load, concrete
resistance, and steel resistance. Each of these pointsis select-
ed randomly based on the experimentally determined normal
distributions. After comparing concrete resistance and steel
resistance, the minimum of these values is selected. The
quantity (resistance minusload) isthen computed for distinct
values of load, concrete resistance, and steel resistance. This
process is repeated 10,000 times. The frequency for which
the resistance is less than the load, divided by the total hum-
ber of cases, represents the probability of failure. This can
also be viewed graphically as the area under the (resistance
minus load) curve (Fig. 9).

Probability of concrete cone failure under
unlimited loads
The objective of calculating the probability of concrete

cone failure under unlimited loads is to determine the prob-
ability of afailurewhenloads applied to asingle anchor near
afree edge or agroup of multiple closely spaced anchors ex-
ceed those assumed during design. Such a probability of fail-
ure is of interest when the structure is subjected to a
catastrophic event, such as a strong earthquake or extreme
heat release. Such loads are highly unpredictable in magni-
tude. Because of this, design loads for extreme events are of -
ten based on the structural actions associated with the
formation of a plastic mechanism, since the formation of
such a mechanism sets an effective upper limit on the capac-
ity. Thus, the phrase“unlimited loads” referstoloadsthat are
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Fig. 8—Actual concreteresistance, single anchor with edge
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method

limited only by the capacity of the weakest element in the an-
choring system. The probability of concrete cone failure un-
der unlimited loads is equivalent to the probability that steel
capacity exceeds concrete capacity. To accomplish thistask,
distributions are designated for applied loading, steel resis-

tance, and concrete resistance.
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Fig. 10—Probability of concrete cone failure under
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Table 3—Results of Monte Carlo analyses for
probability of failure under known loads for single
anchors near a free edge

Table 4—Results of Monte Carlo analyses for
probability of failure under known loads for multiple
closely spaced anchors

Probability of failure, b = safety index
Ratio of
anchor |ACI 349-90 method VAC cc
spacing-to- method method
emgedmem p | Probbility [ [ Probbility | [ Probbility
epth of failure of failure of failure
0.27-045 | 416 | 0.159e4 | 410 | 0.206e4 | 445 | 0.437€5
0.451-0.60 | 456 | 0.260e5 | 435 | 0.676e5 | 419 | 0.142e4
0.601-0.75 | 440 | 0548e5 | 453 | 0.291e5 | 432 | 0.772€5
0.751-090 | 250 | 0.621e2 | 421 | 0.129e4 | 457 | 0.249¢€5
0.901-1.05 | 459 | 0.222e5 | 424 | 0.112e4 | 459 | 0.225€5
1.051-1.20 | 3.80 | 0.701e4 | 397 | 0.359e4 | 428 | 0.943 €5
1.201-1.35| 450 | 0.347e5 | 456 | 0.251e5 | 450 | 0.333 €5
1.351-1.50 | 211 | 0.174el | 328 | 0519e3 | 413 | 0.185e4
1.501-2.00 | 422 | 0.121e4 | 429 | 0.875e5 | 446 | 0.405¢€5
2.001-250 | 404 | 0.261e4 | 464 | 0.176e5 | 456 | 0.252 €5
2.501-3.00 [ 455 | 0.266€5 | 466 | 0.155e5 | 4.67 | 0.149€5

Probability of failure, b = safety index
Ratioof |ACI 349-90 method VAC cc

edge method method
distance-to- Probability Probability Probability
embedment | p of b of b of

depth failure failure failure

0.45-0.60 | 2.98 | 0.147e2 | 270 | 0.351e2 | 439 | 0.581e5

0.601-0.75 | 3.49 | 0.214e3 | 335 [ 0.398e3 | 425 | 0.107e4
0.751-0.90 | 3.13 | 0.879e3 | 3.83 [ 0.629e4 | 4.63 | 0.181e5
0.901-1.05 | 327 | 0.546e3 | 359 [ 0.167e3 | 443 | 0.468e5
1.051-1.20 | 439 | 057665 | 3.11 | 0.943e3 | 3.97 | 0.367e4
1.201-1.35 | 457 | 0.242e5 | 349 | 0.238e3 | 474 | 0.107e5
1.351-1.50 | 3.73 | 0.952e4 | 3.78 | 0.781e4 | 414 | 0.173e4

Statistical distribution of applied loading

Although the loading to which the anchor is unlimited in
this probability analysis, adistribution of loading must be as-
sumed to obtain aninitial design of the anchor. Aspreviously

8

stated, all applied loads are assumed to be distributed nor-
mally, with an arbitrary mean of 1.0 and an arbitrary coeffi-
cient of variation of 0.2. According to the assumed loading
distribution, the 95 percentile load corresponds to a value of
1.385.

Statistical distribution of anchor resistances as
governed by steel
The procedure used to find the position of the normal

curveis equivalent to the procedure followed previously

Actual Mean Steel resistance=2.615" 1.444=3.76 (9)

Minimum required steel resistance = %917 = 2.61%10)

Asbefore, the coefficient of variation of the actual steel re-
sistance is taken as the coefficient of variation of the avail-
able data on high-strength anchors.

Statistical distribution of anchor resistances as
governed by concrete cone capacity
The procedure used to find the position of the normal

curveis equivalent to the procedure followed previously

Theoretical concrete resistance = 2.615 ~ ——

1152
5a 127488 (11)

Combining steel resistance and concrete
resistance
Given the distributions of steel resistance and concrete re-

sistance, the probability of having a concrete cone capacity
less than steel capacity can be calculated. Based on the cal-
culated distributions for concrete resistance and steel resis-
tance, a distinct pair of numbers can be selected that
represents some combination of concrete strength and steel
strength. Each of these pointsis selected randomly, based on
the experimentally determined normal distributions. The
guantity (concrete resistance minus steel resistance) iscom-
puted for distinct values of concrete resistance and steel re-
sistance. The process is repeated 10,000 times. The
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Fig. 11—Probability of failure under known loads for single anchors near a free edge

PROBABILITY OF FAILURE UNDER KNOWN LOADS

(Logarithmic Scale)
1E-1
Il Aciz49-90
1E-2 | Variable-Angle
| I E= cC-Method
o
2 1E3
£
Y
o
> 1E4
%
L
S eslW & - I
= = | = ="
= o= =0l
ol = | R
%E = % == = =
=R = 7 == == =

027-0.45
0.45'1-0.60

0.751-0.90

1.051-1.20
1.361-1.50
1.501-2.00
2.001-2.50
2.501-3.00

1.201-1.36

Ratio of Spacing Embedment Depth
Fig. 12—Probability of failure under known loads for multiple closely spaced anchors

freguency for which concrete resistance is less than steel re-
sistance, divided by the total number of cases, represents the
probability of concrete cone failure. This can also be viewed
graphically asthe areaunder the (concrete minus steel) curve
(Fig. 10).

DISCUSSION OF LRFD RESULTS
Probability of failure under known loads
The probabilities of steel or concrete failure under known
loadsaredetailedin Tables3and 4, and areillustrated in Fig.
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11 and Fig. 12. Current design practice for reinforced con-
crete structures with average conseguences of failure accepts
designs with probabilities of failure of about 0.0005, corre-
sponding to b values of 3.0 to 3.5.23 The b value, termed the
“safety index,” is defined asillustrated in Fig. 13.

For single anchors located near a free edge and far from
other anchors, the CC method has the lowest probability of
failure for all except one range of edge distance-to-embed-
ment depth ratios. The lowest value of b for any range of
edge distance-to-embedment depth for the CC method is

9



Bo

Probability Density

A 4

Resistance - Load
Fig. 13—Definition of b (safety index)

3.97. In contrast, the ACI 349-90 method's lowest value for
b is2.98. In addition, three ranges for the ACI 349-90 meth-
od have b values between 3.0 and 3.5, with all other b values
greater than 3.5. For five of the seven ranges of edge dis-
tance-to-embedment depth, no difference is evident between
the ACI 349-90 and VAC methods. In the remaining ranges,
the ACI 349-90 method has a lower probability of failure
than the VAC method.

As with single anchors near a free edge, the CC method
generally has the lowest probability of failure for all ratio
ranges of spacing-to-embedment depth for multiple closely
spaced anchors. The lowest value of b for any ratio range of
edge distance-to-embedment depth for the CC method is
4.13. In contrast, the ACI 349-90 method has two ranges
with values of b lessthan 2.5. All other ranges have b values

Table 5—Results of Monte Carlo analyses for
probability of concrete cone failure under unlimited
loads for single anchors near a free edge

Probability of concrete cone failure, b = safety index
Ratio of

edge ACI 349-90 VAC cc
distance-to- method method method
embedment p | Probability [ | Probability [ " | Probability

depth of failure of failure of failure

0.45-0.60 | 0.43 0.333 -0.69 0.754 252 | 0.592e2

0.601-0.75 | 1.01 0.156 -0.97 0.834 2.14 | 0.163el
0.751-0.90 | 0.59 0.279 -0.43 0.666 5.59 [ 0.112e7
0.901-1.05 | 1.19 0.117 -0.02 0.509 256 | 0.521e2
1.051-1.20 | 2.69 | 0.356€2 | 0.02 0.494 156 | 0.594el
1.201-1.35 | 2.62 | 0.436€2 | 0.37 0.356 4.41 | 0.519e5
1.351-1.50 | 1.68 | 0.467el |-0.37 0.645 1.37 | 0.851lel

greater than 3.5. The VAC method predicts probabilities of
failure similar to the ACI 349-90 method, except for two
ranges of spacing-to-embedment depth where the b valueis
lowest. Thisis because the VAC method predicts the failure
load more consistently for various embedment depths.

Probability of concrete cone failure under
unlimited loads
The probabilities of concrete cone failure under unlimited

loads are detailed in Tables5 and 6, and illustrated in Fig. 14
and 15. For single anchors near afree edge, the VAC method
is associated with a consistently larger probability of con-
crete cone failure than either the ACI 349-90 method or the
CC method for all ranges of edge distance-to-embedment
depth ratios. In addition, the ACI 349-90 method has a prob-
ability of failure much larger than the CC method for the
lowest four ratio ranges of edge distance-to-embedment
depth.

For multiple closely spaced anchors, the ACI 349-90
method has probabilities of concrete cone failure within two

PROBABILITY OF CONCRETE CONE FAILURE UNDER UNLIMITED LOADS
(Logarithmic Scale)
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orders of magnitude of those from the CC method for all but
two ranges of spacing-to-embedment depth ratios (s;/h, =
0.751 - 0.90 and s;/h,=1.201 - 1.35). However, in those two
rangesit isdifficult to draw definitive conclusions regarding
the relative merits of the ACI 349-90 and CC methods. This
is because both ranges contain a large number of pointsin
which the embedment depth and the configuration of the an-
chor group are constant. Thus, if al variables affecting the
actual failure load remain constant for these tests, the failure
loads would be the same. Consequently, these results lead to
aconstant ratio of actual-to-predicted failure load. This pro-
vides an excellent approximation to the current use of an as-
sumption of the norma curve. However, there are
approximately threedifferent groups of testsin each range of
spacing-to- embedment depth, so the assumption of the nor-
mal distribution is no longer a strong premise. Examination
of Fig. 15 indicates that the CC method has more consistent
probabilities of concrete cone failure under unknown loads
than either the ACI 349-90 method or the VAC method.

General limitations of analyses
1. Loads and resistances are assumed to be normally dis-

tributed. Safety factors computed by the analysis could in-
crease or decrease as a result of different presupposed
distributions.

2. Actual concrete strength is presumed to equal the spec-
ified value. This premiseis conservative because actual con-
crete strength usually exceeds specifications.

3. A singlerepresentative value is assumed for the ratio of
specified ultimate steel strength-to-specified yield strength.
This value could be made more accurate by computing the
ratio separately for each anchor in the data base.

Table 6—Results of Monte Carlo analyses for
probability of concrete cone failure under
unlimited loads for multiple closely spaced
anchors

Probability of concrete cone failure, b = safety index
Ratio of
anchor ACI 349-90 VAC cC
spacing-to- method method method
embedment Probability Probability Probability
depth b | of failure | P | offailure | ° | of failure
0.27-0.45 | 1.88 | 0.301el | 1.97 | 0.248el | 2.71 | 0.339€2
0.451-0.60 | 2.83 | 0.239e2 | 1.88 | 0.299el | 1.89 [ 0.291el
0.601-0.75 | 2.77 | 0.284e2 | 2.82 | 0.244e€2 | 2.55 [ 0.537e2
0.751-0.90 | 0.65 0.258 0.29 0.385 3.45 | 0.280€3
0.901-1.05 [ 6.30 | 0.150e9 | 1.41 | 0.769el | 5.57 | 0.128e7
1.051-1.20 | 1.76 | 0.390el | 1.23 0.110 221 | 0.135el
1.201-1.35| 3.08 | 0.105e2 | 6.37 | 0.938 €10 | 4.76 | 0.958¢€6
1.351-1.50 | 0.81 0.210 0.56 0.287 193 | 0.265el
1.501-2.00 | 2.26 | 0.119el | 2.12 | 0.172el | 3.07 | 0.106¢€2
2.001-2.50 [ 2.04 | 0.204el | 3.85 | 0.594e4 | 2.92 [ 0.175e2
2.501-3.00 [ 7.09 | 0.665el2 | 5.35 | 0.445e7 | 8.03 | 0.500 el5

SUMMARY AND CONCLUSIONS
Summary
The overall objective of this research has been to evaluate

the accuracy and suitability for design of three different
methods for predicting anchor capacity as governed by con-
crete cone failure. In particular, this study has focused on
single anchors located close to a free edge and multiple an-
chors located far from a free edge. ThE objective has been
accomplished by the following steps:

1. A total of 160 data pointsis available from testson single
anchors close to a free edge in which failure occurs by for-
mation of a concrete cone. Using common definitions and
nomenclature for all variables and material properties, those
data have been placed on adata base in terms of S| unitsand
concrete cube strengths.

PROBABILITY OF CONCRETE CONE FAILURE UNDER UNLIMITED LOADS
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2. A total of 185 data pointsis available from tests on mul-
tiple anchors far from a free edge in which failure occurs by
formation of aconcrete cone. These dataon multiple anchors
include data points on groups of both two and four anchors.
Using common definitions and nomenclature for al vari-
ables and material properties, those data are placed on adata
basein S| units and in terms of concrete cube strengths.

3. Datafor single anchorslocated close to afree edge have
been compared with the predictions of three existing meth-
ods: @) the 45 deg cone method of ACI 349-90; b) the VAC
method; and c) the CC method (exponent of 1.5). The com-
parisons are in terms of concrete cone capacity, normalized
by [f.. asafunction of embedment depth.

4. Datafor multiple anchors have been compared with pre-
dictions of three existing methods: a) the 45 deg cone meth-
od of ACI 349-90; b) the VAC method; and b) the CC
method (exponent of 1.5). The comparisons are, again, in
terms of normalized concrete cone capacity as a function of
embedment depth.

5. For single anchors near a free edge, square errors have
been computed for each method for different ranges of the
ratio of edge distance-to-embedment depth.

6. For multiple closely spaced anchors, square errors have
been computed for each method for different ranges of the
ratio of anchor spacing-to-embedment depth.

7. The probability of steel or concrete failure under known
loads and concrete cone failure under unlimited loads has
been determined for single anchors located near afree edge.
Probabilities of failure have been evaluated for different
ranges of the ratio of edge distance-to-embedment depth.

8. The probahility of steel fracture or concrete cone failure
under known loads and of concrete conefailure under unlim-
ited loads has been determined for multiple closely spaced
anchors. Probabilities of failure have been evaluated for dif-
ferent ranges of the ratio of anchor spacing-to-embedment
depth.

9. Based on the previous comparisons of square error and
probability of failure, each method has been evaluated with
respect to accuracy and design suitability in terms of proba-
bility of failure for single anchors located near a free edge
and for multiple closely spaced anchors.

CONCLUSIONS
1. For most embedment depths, the CC method has a

square error lower than that of either ACI 349-90 or the VAC
method. Thisis true both for single anchors located close to
afree edge and for multiple closely spaced anchors.

2. For single anchors located close to afree edge, and aso
for multiple closely spaced anchors, all three methods have
values of the safety index b that are comparable with accept-
ed safety index values for similar structural elements. This
impliesthat all three methods give sufficiently low probabil-
ities of failure under known loads for all ratios of edge dis-
tance-to-embedment depth and of spacing-to-embedment
depth.

3. Under unlimited loads, the probabilities of concrete
cone failure associated with the CC method are generaly
lower than those of either the VAC method or the ACI 349-
90 method. This is certainly true for single anchors near a
free edge. For multiple closely spaced anchors, the CC method
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gives probabilities of failure that are less than or equal to the
probabilities of the other two methods.

4. The primary advantage of the ACI 349-90 approach
may be its conical idealization of the failure surface, which
is easy to visualize. However, calculations of net projected
area for multiple anchors are very complex in practice. The
CC method uses the basic principle of idealizing the failure
surface along with arelatively simple calculation for net pro-
jected area. For thisreason, the CC method can be regarded
as at least as designer-friendly.

5. It is believed that LRFD approaches such as that used
here give arealistic view of the comparative safety of differ-
ent anchor design methods. As additional data become avail-
able, they should be added to the data base. If new methods
for predicting anchor capacity are proposed, they should be
checked against the entire data base, using this same ap-
proach.
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NOTATION

A'D = actual projected area of anchor or anchor group

Apo = projected area of all anchors not limited by edge or spacing
influences

d = diameter of anchor

dy, = diameter of anchor head, taken as anchor diameter

fe = actual concrete cylinder compressive strength

f.¢ = specified concrete cylinder compressive strength

fee = actual concrete cube compressive strength

fecC = specified concrete cube compressive strength

he = embedment length, measured from free surface to bearing
surface of anchor head

f = cone angle, measured from plane perpendicular to anchor axis

YN = factor used in CC method to account for anchors close to free
edge

fec = factor used in CC method to account for eccentricity of
applied loading
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