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A user-friendly, highly transparent model for the design of post-installed
steel anchors or cast-in-place headed studs or bolts, termed the concrete
capacity design (CCD) approach, is presented. This approach is compared
to the well-known provisions of ACI 349-85. The use of both methods to
predict the concrete failure load of fastenings in uncracked concrete under
monotonic loading for important applications is compared. Variables
included single anchors away from and close to the edge, anchor groups,
tension loading, and shear loading. A data bank including approximately
1200 European and American tests was evaluated. The comparison shows
that the CCD method can accurately predict the concrete failure load of
fastenings for the full range of investigated applications. On the other
hand, depending on the application in question, the predictions of ACI 349
are sometimes unconservative and sometimes conservative. The CCD
method is more user-friendly for design. Based on this, the CCD method is
recommended as the basis for the design of fastenings.
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The demand for more flexibility in the planning, design,
and strengthening of concrete structures has resulted in an
increased use of metallic anchoring systems. Currently em-
ployed are cast-in situ anchors such as headed studs
[Fig. 1(a)] or headed bolts and fastening systems to be in-
stalled in hardened concrete, such as torque-controlled ex-
pansion anchors [Fig. 1(b)], deformation-controlled expan-
sion anchors [Fig. 1(c)], undercut anchors [Fig. 1(d)], and
adhesive anchors [Fig. 1(e)].

Cast-in situ elements are fastened to the formwork and
cast into the concrete. A common example is a plate with
welded-on headed studs [Fig. 1(a)], which produces me-
chanical interlocking with the concrete.

Post-installed anchors can be fastened in almost any posi-
tion desired in hardened concrete by installing them in a hole
drilled after concrete curing. A distinction is drawn between
metal expansion anchors, undercut anchors, and bonded an-
chors, according to their principles of operation.

Expansion anchors produce expansion forces and thereby
(frictional) holding forces in the concrete base material.
With torque-controlled expansion anchors [Fig. 1(b)], a
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specified installation torque is applied. Thereby, one cone or
two cones, according to the type of anchor, is/are drawn into
the expanding sleeve or segments. Torque-controlled an-
chors should expand further under load. Deformation-con-
trolled anchors [(Fig. 1(c)] are expanded by driving the cone
into the sleeve [drop-in anchor, Fig. 1(c,)] or onto the cone
[Fig. 1(c,) (self-drilling anchor) and Fig. 1(c3) (steel an-
chor)] through a specified displacement. Deformation-con-
trolled anchors cannot expand further under load.

Undercut anchors are anchors with parts that spread and
mechanically interlock with the concrete base material. Af-
ter production of the cylindrical hole by drilling, the under-
cutting is produced in a second operation before installation
of the anchor [Fig. 1(d,) through 1(d5)] or during installation
of the anchor [Fig. 1(d,) and 1(ds)]. Much lower expansion
forces are produced during installation and loading than with
expansion anchors. In fact, certain undercut anchors can act
virtually identically to cast-in anchors if the angle and diam-
eter at the undercut are within certain limits.

The operating principle of adhesive anchors [Fig. 1(e)] de-
pends on gluing together a threaded rod and the wall of the
drilled hole with reacting resins. The load is transferred to
the concrete base material by chemical bonding. Adhesive
anchors are not covered in this paper.

BEHAVIOR UNDER TENSION LOADING
Under tension loading, fastening systems can experience
four different types of failures (Fig. 2), each with very differ-
ent load-deformation patterns, as shown in Fig. 3. Fig. 3 is
valid for anchors with relatively low remaining prestressing

*ACI Committee 318 has endorsed early publication of this paper which serves as
background to upcoming code revisions.
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Fig. 1(a) —Fastening systems: headed studs
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Fig. I(c) — Fastening systems: deformation-controlled
expansion anchor (upper sketches show assembled
anchors; lower sketches show anchor mechanism actions)
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Fig. 1(d) —Fastening systems: undercut anchors (left-side
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Fig. 1(b) —Fastening systems: torque-controlled expansion
anchor (upper sketches show assembled anchors; lower
sketches show anchor mechanism actions)

force after losses due to relaxation and other similar effects.
The magnitude of the prestressing force will influence the
behavior of the anchor at service load levels but has practi-
cally no influence at failure load levels.

Pullout or pullthrough failures are failure by sliding out of
the fastening device or parts of it from the concrete (pullout)
or by pulling the cone through the sleeve (pullthrough) with-
out the breaking out of a fairly substantial portion of the sur-
rounding concrete [Fig. 2(c)]. For deformation-controlled
fasteners, only the pullout failure mode is possible.
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Fig. 1(e) —Fastening systems: bonded or adhesive anchors
(left-side sketches show hole shape; right-side sketches
show installed anchors)

For expansion anchors, the failure load depends on the de-
sign of the expansion mechanism, method of drilling the
hole, condition of the drilled hole, and deformability of the
concrete. Currently, there is no established procedure to de-
termine theoretically the ultimate load to be expected of fas-
tenings in the pullout or pullthrough type of failure. It must
be determined in comprehensive prequalification tests, such
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Fig. 2—Failure modes for fastenings under tensile loading:
(a) steel failure; (b) concrete breakout; (c) pullout; (d) con-
crete splitting

as those proposed in ASTM ZXXX.! In the case of a pull-
through failure, in general the load-displacement relation-
ship continuously increases and failure occurs at relatively
large displacements (Line a; in Fig. 3). This anchor behavior
is mainly dependent on the quality of the anchor production,
and is acceptable in many applications.

In contrast, in the case of a pullout failure, the load-dis-
placement curve may increase continuously until peak load
(Line a; in Fig. 3) or the anchor may slip significantly in the
hole at a load level larger than the remaining prestressing
force of the anchor (Lines a, and a; in Fig. 3) before expand-
ing further and developing a higher load capacity. This be-
havior is influenced considerably by the installation
procedure and is highly undesirable. It must be prohibited by
performance requirements in prequalification testing of the
fastening device.

With expansion anchors, the depth of embedment can
control the type of failure. As shown in Fig. 4, there is a
critical embedment depth later termed h,p the effective
embedment depth, at which the mode of failure changes
from concrete failure to pullout. This depends on the
expansion mechanism and h, is determined in
prequalification tests.

The concrete bearing area of undercut anchors and headed
studs is usually large enough to prevent pullout failure.

Ductile failures are failure by yielding of the fastening de-
vice or system fastened to the concrete before any breakout
of concrete occurs [Fig. 2(a)].

Under conditions that the steel material is sufficiently duc-
tile and the length of the fastener or attachment over which
inelastic steel strains appear is large enough, and assuming
that the concrete base material does not fail, a ductile steel
failure will occur (Line c in Fig. 3).
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Fig. 3—Idealized load-deformation curves for fasteners
under tension load
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Fig. 4—Role of effective depth h; for expansion anchors

Brittle failures are failure by concrete breakout or splitting
of the structural concrete member before yielding of the fas-
tener or fastened element [Fig. 2(b) and (d)] or by steel fail-
ure when the length over which inelastic steel strains appear
is rather small.

For nonductile fasteners and cases where the concrete ca-
pacity is less than the fastener device capacity, a brittle fail-
ure will occur (Line b in Fig. 3).

It is not yet possible to determine theoretically the failure
load to be expected in the “splitting” type of failure
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Fig. 5—Failure modes for fastenings under shear loading:
(a) steel failure preceded by concrete spall; (b) concrete
breakout; (c) concrete pryout failure for fastenings far from
edge

[Fig. 2(d)]. This type of failure can be avoided by specifying
minimum values of center-to-center and edge spacings, as
well as component thickness. Again, prequalification testing
under ASTM ZXXX! is designed to preclude such failures.

Concrete breakout failure [Fig. 2(b;) through 2(bs)] is a
very important practical design case, because many fasteners
are made such that a concrete failure will occur before yield-
ing of steel. In fasteners with deeper embedment but thinner
side cover, concrete blowout [Fig. 2(b,)] can govern.? This
latter case is not covered in this paper.

BEHAVIOR UNDER SHEAR LOADING

The failure modes of anchors loaded in shear are shown in
Fig. 5. In principle, the same behavior as that under tensile
loading can be observed. However, a pullout failure may the-
oretically occur only if the ratio of anchorage depth to anchor
diameter is very small and the tensile capacity is very low. In
contrast, in shear, a brittle concrete failure will occur for fas-
tenings located close to the edge [Fig. 5(b)] and cannot be
avoided by increasing anchorage depth. Steel failure, often
proceeded by a local concrete spall in front of the anchor
[Fig. 5(a)], will be observed for fasteners sufficiently far
away from the edge. For that case, the load-displacement be-
havior will depend on ductility of the anchor steel. A con-
crete pryout-type failure of fastenings located quite far away
from the edge [Fig. 5(c)] may occur for single anchors and
especially for groups of anchors with a small ratio of embed-
ment depth to anchor diameter and high tensile capacity.’?
The critical ratio depends on the anchor strength, concrete
strength, and number and spacing of fasteners. This failure
mode is not covered in this paper.
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In practice, many fastenings or attachments are placed on
a grout bed. For this type of installation, a grout failure may
occur before any other type of failure. In this case, the shear
load must be transferred into the base by bending the an-
chors. This may reduce the load transfer capacity when com-
pared to a fastening or attachment installed directly on the
base material. The effect of the grout bed on load transfer ca-
pacity is not discussed in this paper.

SCOPE

The relevant literature contains several approaches for the
calculation of concrete failure load in uncracked concrete.
The most important examples are design recommendations
of ACI Committee 349, PCI design procedures that are
somewhat similar to those of ACI 349, and the concrete ca-
pacity design (CCD) method based on the so-called -meth-
od developed at the University of Stuttgart.5® The CCD
method provides a clear visual explanation of calculation of
the x -factors used in the x -method. It combines the trans-
parency (ease of visualization of a physical model, making it
readily understood by designers for application) of the ACI
349 method, accuracy of the k -method, and a user-friendly
rectangular failure surface calculation procedure. A compar-
ison of the CCD method with the k -method is given in Ref- .
erences 9 and 10. From this comparison, it is evident that the
CCD and « -methods predict almost identical failure loads.

In this paper, the provisions of ACI 349-85 and the CCD
method to predict the fastening capacity of brittle (concrete
breakout) failures in uncracked concrete are compared with
a large number of test results. To facilitate direct compari-
son, the capacity reduction factor ¢ of ACI 349 and partial
material safety factor vy, of the CCD method are both taken
as 1.0. The comparison is made for fastenings both under
tension load (single fasteners close to and far from the edge,
as well as anchor groups with up to 36 fasteners far from the
edge) and under shear load toward the edge (single fasteners
and double fastenings installed close to the edge in wide and
narrow as well as thick and thin members). Based on this
comparison, the accuracy of the two design approaches is de-
termined.

RESEARCH SIGNIFICANCE

While ductility is highly desirable in applications where
there are substantial life safety concerns, a brittle failure
mode covered by a sufficient safety factor is often accept-
able. In both cases, concrete capacity must be predicted as
accurately as possible to insure a ductile failure (ductile de-
sign) or sufficiently low probability of failure (brittle de-
sign), respectively. In many applications, the relevant design
methods (ACI 349-85 and CCD method) will predict rather
different concrete capacities. Therefore, screening of both
methods based on an extensive data base is needed. Compa-
rable earlier studies!""!? are based on a small number of test
data and did not include the newly developed CCD method.

DESIGN PROCEDURES
Fig. 6 shows concrete breakout cones for single anchors
under tension or shear load, respectively, idealized accord-
ing to ACI 349.* From this figure, it is evident that the con-
crete cone failure load depends on tensile capacity of the

ACI Structural Journal / January-February 1995
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Fig. 2—Failure modes for fastenings under tensile loading:
(a) steel failure; (b) concrete breakout; (c) pullout; (d) con-
crete splitting

as those proposed in ASTM ZXXX.! In the case of a pull-
through failure, in general the load-displacement relation-
ship continuously increases and failure occurs at relatively
large displacements (Line a,; in Fig. 3). This anchor behavior
is mainly dependent on the quality of the anchor production,
and is acceptable in many applications.

In contrast, in the case of a pullout failure, the load-dis-
placement curve may increase continuously until peak load
(Line a; in Fig. 3) or the anchor may slip significantly in the
hole at a load level larger than the remaining prestressing
force of the anchor (Lines a, and a; in Fig. 3) before expand-
ing further and developing a higher load capacity. This be-
havior is influenced considerably by the installation
procedure and is highly undesirable. It must be prohibited by
performance requirements in prequalification testing of the
fastening device.

With expansion anchors, the depth of embedment can
control the type of failure. As shown in Fig. 4, there is a
critical embedment depth later termed h,p, the effective
embedment depth, at which the mode of failure changes
from concrete failure to pullout. This depends on the
expansion mechanism and A, is determined in
prequalification tests.

The concrete bearing area of undercut anchors and headed
studs is usually large enough to prevent pullout failure.

Ductile failures are failure by yielding of the fastening de-
vice or system fastened to the concrete before any breakout
of concrete occurs [Fig. 2(a)].

Under conditions that the steel material is sufficiently duc-
tile and the length of the fastener or attachment over which
inelastic steel strains appear is large enough, and assuming
that the concrete base material does not fail, a ductile steel
failure will occur (Line c in Fig. 3).
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Brittle failures are failure by concrete breakout or splitting
of the structural concrete member before yielding of the fas-
tener or fastened element [Fig. 2(b) and (d)] or by steel fail-
ure when the length over which inelastic steel strains appear
is rather small.

For nonductile fasteners and cases where the concrete ca-
pacity is less than the fastener device capacity, a brittle fail-
ure will occur (Line b in Fig. 3).

It is not yet possible to determine theoretically the failure
load to be expected in the “splitting” type of failure
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Fig. 6—Concrete breakout bodies idealized according to
ACI 349: (a) tensile loading; (b) shear loading

concrete, considered throughout this paper to be proportion-
alto Jf. or ﬁ: . Both design procedures predict average
or mean failure loads, N, or V,. In subsequent codification of
the CCD procedure for consideration by ACI
Committee 318,'3 equations are based on the 5 percent frac-
tile to provide part of the safety requirement. In addition, the
codification proposal bases the equations on the strength of
anchors in cracked concrete, with a multiplier that increases
the capacity when used in uncracked concrete. This paper
presents the results for uncracked concrete only and should
be compared with design expressions for uncracked con-
crete. The behavior of anchor groups is infuenced by stiff-
ness of the base plate. In this paper, a rigid base plate is
presumed and no plastic action of the anchor group is con-
sidered.

ACI 349-85 tension loads
ACI Committee 349 is concerned with nuclear-related

structures. Because of concern with nuclear safety, the phi-
losophy of ACI 349 is to design ductile fastenings. To obtain
a limit to guard against brittle concrete failure, the cone mod-
el was developed.*!413

Under tension loading, the concrete capacity of an arbi-
trary fastening is calculated assuming a constant tensile
stress equal to ¢ - 4 - JE acting on the projected area of the
failure cone, taking the inclination between the failure sur-
face and concrete surface as 45 deg
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sile loading according to ACI 349: (a) double fastening; (b)
quadruple fastening :

N, n = f ct’ AN | (1)
with
fo = 04
¢ = capacity reduction factor, here taken as 1.0
Ay = actual projected area of stress cones radiating

toward attachment from bearing edge of anchors.
Effective area shall be limited by overlapping
stress cones, intersection of cones with concrete
surfaces, bearing area of anchor heads, and overall
thickness of concrete member

In the following, it is assumed that member thickness is
sufficiently large to avoid any reduction of the concrete cone
failure load.

For a single anchor unlimited by edge influences or over-
lapping cones [Fig. 6(a)]

Nop = (4 Ay, 1o @)
with
Ap,= projected area of a single anchor

Il

noh(1+d,/h,)
The SI equivalent of Eq. (2) was determined assuming that
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Fig. 8—Projected areas for fastenings under shear loading according to ACI 349: (a) single
fastening installed in thick concrete member; (b) single fastening installed in thin concrete
member (h < c;); (b) double fastening installed in thick concrete member (s; < 2c;)

1in. = 25.4 mm, 1 psi = 0.006895 N/mm>, 1 1b = 4.448 N,
and,[f,/ = 1.18,[f

d
N,, = 0.96 - fcc’-hif-(1+h—“), N 3)
ef

For fastenings with edge effects (c < h,y) and/or affected
by other concrete breakout cones (s <2 - h,p), the average
failure load follows from Eq. (4)

78

A d
N, =24 fc'-n-hj(n—ﬁ), b  (4a)
ANo hef
AN
= 5 Naoteg + b (4b)
No

To obtain the failure load in SI units (N), Eq. (3) may be
used in place of Eq. (2) in Eq. (4b).

ACI Structural Journal / January-February 1995



Fig. 7 shows the determination of the projected areas Ay
for double and quadruple fastenings. Note the computational
complexity of determining ® and Ay.

ACI 349-85 shear loads

The shear capacity of an individual anchor failing the con-
crete (Fig. 8), provided that the concrete half-cone is fully
developed, is

vn0=¢-4jj?-gcf, Ib )

Again, with ¢ = 1 and the conversion factors given, the
SI equivalent is

V,, = (048 i), N ©)

If the depth of the concrete member is small (% < ¢;) and/
or the spacing is close (s <2 - ¢, ) and/or the edge distance
perpendicular to the load direction is small (¢, < ¢;), then the
load has to be reduced with the aid of the projected areas on
the side of the concrete member

V,= A,-4- ff, 1b

A . 2
=A_‘j’.4.A/E.§.Cl (7a)
o
Ay
= E Voo, lEq. 50 1P (7b)
4
where
Ay = actual projected area

projected area of one fastener unlimited by edge
influences, cone overlapping, or member thickness
[Fig. 8(a)]

= mR2-c

To obtain the failure load in SI units (N), Eq. (6) may be
used in place of Eq. (5) in Eq. 7(b).

Fig. 8 shows the determination of the projected areas Ay,
for shear loading using the cone concept of ACI 349. Again,
the computations are complex for the examples shown in
Fig. 8(b) and 8(c).

CCD method tension loads

The concrete capacity of arbitrary fastenings under tension
or shear load can be calculated with the CCD method. To
predict the steel capacity, additional design models are nec-
essary, such as the one proposed in Reference 8 for elastic
design of ductile and nonductile fasteners, or in
Reference 16 for plastic design of ductile multiple fasten-
ings. Note that failure load of anchors by pullout is lower
than the concrete breakout capacity. Equations for calcula-
tion of pullout capacity are available but are not sufficiently
accurate or general. Therefore, the pullout failure loads must
be evaluated and regulated by prequalification testing.

ACI Structural Journal / January-February 1995

—-—
=

B

s

]} >=— S———
&
hef

[,5het

i
=

>
IS
=< “.’.-
LTSI
LTSRS IS TSI
e PP e P OB L BB o B OOy
LTS STIISTIISISISIS
SIS IS IS
BT T T oT T TS
LTSS < OTISS

PP e %P %y [o<o<o<o

LTSS SIS ISISISTS
L LRI TS STS [SISTOTS S

LIS PSIS5SS2
P PPt %s® oS oS oS
oSS ISISISIT I T DT>

R oL T STITST ST P ST SIS

RKSISISISISISISIIIIIIISISISISSSIS
RSP P oo oo e te to te et esese e
LSISISISISIE I 2 2282
LR oot oGO L oD S O
LREZEISISITS I~
RSO S TIPSO
SSISTISISISISSS
LSS
LTSI S

;
!
\'

R

b)

Fig. 9—Idealized concrete cone for individual fastening
under tensile loading after CCD method

Under tension loading, the concrete capacity of a single
fastening is calculated assuming an inclination between the
failure surface and surface of the concrete member of about
35 deg. This corresponds to widespread observations that the
horizontal extent of the failure surface is about three times
the effective embedment (Fig. 9).

The concrete cone failure load N, of a single anchor in
uncracked concrete unaffected by edge influences or over-
lapping cones of neighboring anchors loaded in tension is
given by Eq. (8)

7 2 -0.5
Nnozkl'«/f?‘kz'hef'kfhef ®

where k, k,, k5 are calibration factors, with

knc = kl'kZ'k3
;15
Nno = knc ’ '\[f: ’ h:f ’ Ib (9&)
where
k,. = 35, post-installed fasteners
k,. = 40, cast-in situ headed studs and headed anchor

bolts
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Fig. 10—Definition of effective anchorage depth hy; for dif-
ferent fastening systems

JE = concrete compression strength measured on 6 by

12-in. cylinders, psi

hy = effective embedment depth, in. (Fig. 10)

In SI units, Eq. (9a) becomes

5 15
Nno=knc' fcc 'hef ’ N (9b)
where
k,, = 13.5, post-installed fasteners
k,. = 15.5, cast-in situ headed studs and headed anchor
bolts

If../= concrete compression strength measured on cubes

with side length equal to 200 mm, N/mm?

hy = effective embedment depth, mm (Fig. 10)

" In Eq. (8), the factor &, Jf represents the nominal con-
crete tzensile stress at failure over the failure area, given by
k, - hef, and the factor ks/ Jh—d gives the so-called size ef-
fect. Note that, by basing the tensile failure load on the effec-
tive embedment depth A, the computed load will always be
conservative, even for an anchor that might experience pull-
out, as shown in Fig. 4.

Fracture mechanics theory'” indicates that in the case of
concrete tensile failure with increasing member size, the fail-
ure load increases less than the available failure surface; that
means the nominal stress at failure (peak load divided by
failure area) decreases. This size effect is not unique to fas-
tenings but has been observed for all concrete members with
a strain gradient. For instance, it is well known that the bend-
ing strength of unreinforced concrete beams and shear
strength of beams and slabs without shear reinforcement de-
crease with increasing member depth. Size effect has been
verified for fastenings by experimental and theoretical inves-
tigations.®!3-20 A more detailed explanation of the applica-
tion of Bazant’s theory to fastenings is given in Reference
21. Since the aggregate size in the test specimens is not spe-
cifically introduced into the CCD method, an approximation
is used. Since strain gradient in concrete for fastenings is
very large, size effect is maximum and very close to the lin-
ear elastic fracture mechanics solution. Therefore, the nomi-
nal stress at failure decreases in proportion to 1/ Jﬁ; and the
failure load increases with he} .

Higher coefficients for headed studs and headed anchor
bolts in Eq. (9) are valid only if the bearing area of headed
studs and anchors is so large that concrete pressure under the
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head is < 13 /f.” at failure.® Because the concrete pressure
under the head of most currently available post-installed un-
dercut anchors exceeds 13f,” at failure, k,. = 35 or 13.5 (SI)
is recommended for use with this and other post-installed an-
chors.

In certain cases, when deeper embedments are used with
relatively thin edge cover, there is a chance of a side-face
blowout failure at a significantly reduced load. Such cases
are not covered in this paper.

If fastenings are located so close to an edge that there is not
enough space for a complete concrete cone to develop, the
load-bearing capacity of the anchorage is also reduced. This
is also true for fasteners spaced so closely that the breakout
cones overlap. One of the principal advantages of the CCD
method is that calculation of the changes in capacity due to
factors such as edge distance, spacing, geometric arrange-
ment of groupings, and similar variations can be readily de-
termined through use of relatively simple geometrical
relationships based on rectangular prisms. The concrete ca-
pacity can be easily calculated according to Eq. (10)

Ay , 15
N, =% RN SN A (10a)
No
Ay
Nn = 'WZ'Nno (IOb)
ANo

where

Ay, = projected area of one anchor at the concrete sur-
face unlimited by edge influences or neighboring
anchors, idealizing the failure cone as a pyramid
with a base length s, = 3h,¢[Fig. 11(a)]

2 ,
= 9-h,

Ay = actual projected area at the concrete surface,
assuming the failure surface of the individual
anchors as a pyramid with a base length s, = 3h,
For examples, see Fig. 11(b) through (d)

Y, = tuning factor to consider disturbance of the radial
symmetric stress distribution caused by an edge,
valid for anchors located away from edges

y, = 1if ¢, 215h, (10c)
C 1 . <
y, =07 +0.3Thef if ¢;<1.5h, (10d)
where

c;= edge distance to the closest edge. (Note that

symbols for v |, ¥ ,, W4, and Y 5 and the order
in which they appear in this text were selected
to agree with Reference 13.)

k,, = seeEq.(9) '

N,, = concrete cone failure load of one anchor unaffected

by edge or overlapping stress cones acording to Eq.

9
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effective anchorage depth (Fig. 10). For fastenings
with three or four edges and ¢, < 1.5k, (Cppgx =
largest edge distance), the embedment depth to be
inserted in Eq. (102) and (10b) is limited to h,r=
Cma! 1.5. This gives a constant failure load for deep

embedments??

Examples for calculation of projected areas are given in -

Fig. 11. Note the relatively simple calculation for the CCD
method compared to Fig. 7 illustrating the ACI 349 method.

In Eq. (10), it is assumed that the failure load is linearly
proportional to the projected area. This is taken into account
by the factor A/Ay,. For fastenings close to an edge, the ax-
isymmetric state of stress, which exists in concrete in the
case of fastenings located far from the edge, will be dis-
turbed by the edge. Due to this disturbance, the concrete
cone failure load will be reduced. (This also occurs in
cracked concrete.®?%) This is taken into account by the tun-
ing factor y,. A linear reduction from y, = 1.0 for ¢; 2
1.5h ¢ (no edge influence) to y , = 0.7 for the theoretical case
c¢; = 0 has been assumed.

Up to this point, it has been assumed that anchor groups
are loaded concentrically in tension. However, if the load
acts eccentrically on the anchor plate, it is not shared equally
by all fasteners. Based on a proposal in Reference 24, this ef-
fect can be taken into account by an additional factor
[Eq. (11)]

A
N, =75, (11a)
No

with Ay, A, W 5, and N, as defined in Eq. (10).

vy, = factor taking into account the eccentricity of the
resultant tensile force on tensioned fasteners. In the
case where eccentric loading exists about two axes
(Fig. 11), the modification factor y ; shall be com-
puted for each axis individually and the product of
the factors used as y ; in Eq. (11a)

1 :
= —_— <
1+2ey'/ (3h,) ~ ! (11b)

ey’ = distance between the resultant tensile force of ten-

sioned fasteners of a group and centroid of ten-
sioned fasteners (Fig. 12)

Fig. 12 shows examples of an eccentricaly loaded
quadruple fastening under tensile loading located close to a
corner. In Fig. 13, Eq. (11a) is applied for the case of a
double fastening. In this figure (as in Fig. 12), it is assumed
that the eccentricity e, of the resultant tension force on the
fasteners is equal to eccentricity ey of the applied load. This
is valid for ey < s5,/6 and for ey > s, /6 if the fastener
displacements are neglected. If the load acts concentrically
on the anchor plate, Eq. (10) is valid (y | = 1) [Fig. 13(a)]. If
only one fastener is loaded [Fig. 13(c)], the failure load of
the group is equal to the concrete capacity of one fastener
without spacing effects. For 0 < e,/ < 0.5s,, a nonlinear
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3 // '75] ; Ay = A, (single fastening)
[ S N
B - - = (2:15h,)(2-1.5h,,)
777/ B = (3h,)? = o
a) [ J
P
1,50 1[1,5hel
Ihef
E %{N’: Ay = (¢, + 15h,)(2-15h,)
;’ /,_/ - if. ¢, < 1.5h,
77
b) »
! Zq_11.5hel
———
< —/7 7L
f[ ///"A«ﬁ‘ J A, = (2:15h, + s,)2-15h,)
z Y if: s, < 3.0h,
_L_;,% 70 !
cl e
L5het | 5y 1 5hes
R W
TV
&) /AM?
< * ry Ay = (¢, + s, + 15h,)(c, + s, + 15h,)
o "+ if: ¢, c, < 1.5h,
o s, s, < 3.0,
I
leal_se s

Fig. 11—Projected areas for different fastenings under ten-
sile loading according to CCD method

relationship of the concrete capacity is proposed between
these limiting cases (Fig. 14).

CCD method shear loads

The concrete capacity of an individual anchor in a thick
uncracked structural member under shear loading toward the
free edge (Fig. 15) is

v, = 13(1/d) "2 fd - [f7-¢” b (12a)

where

d, = outside diameter of fastener, in.

~
1

activated load-bearing length of fastener, in., < 84,
(Reference 25)
= hef for fasteners with a constant overall stiffness,
such as headed studs, undercut anchors, and torque-
controlled expansion anchors, where there is no
distance sleeve or the expansion sleeve also has
the function of the distance sleeve
= 2d, for torque-controlled expansion anchors with
distance sleeve separated from the expansion sleeve
c¢; = edge distance in loading direction, in.
In SI units with length quantities in mm and stress in N/
mm?, this equation becomes

Vi = 104, 0, 7 (120)
81
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Fig. 12—Examples of eccentrically loaded quadruple fastening under tensile loading
located close to corner
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Fig. 13—Effect of eccentricity of tensile force on failure load of double fastening®*
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Fig. 14—Influence of eccentricity of tensile force on failure
load of double fastening24

According to Eq. (12), the shear failure load does not
incr%ase with the failure surface area, which is proportional
to ¢ . Rather, it is proportional to ¢, . This is again due to
size effect. Furthermore, the failure load is influenced by the
anchor stiffness and diameter. The size effect on the shear
failure load has been verified theoretically and
experimentally.?®

The shear load capacity of single anchors and anchor
groups loaded toward the edge can be evaluated from Eq.
(13a) in the same general manner as for tension loading by
taking into account that the size of the failure cone is depen-
dent on the edge distance in the loading direction, while in
tension loading it is dependent on the anchorage depth (Fig.
16)

A
VnzA—v-\I[4~\|15- Vno (13a)

where
A, = actual projected area at side of concrete member,
idealizing the shape of the fracture area of individ-

14
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a)

b)

Fig. 15—Concrete failure cone for individual fastener in
thick concrete member under shear loading toward edge:
(a) from test results; (b) simplified design model according
to CCD method

f 1, Shet

ta )
o

hef

S
° O

b)

Fig. 16—Comparison of tension and shear loading for CCD
method

83



84

__‘\\_“
1.5¢
A

N
N
3\_

i\\\\\

>
g

- * ///AW ; !
1,5¢4]1,5¢

/,@4;
: ////AW?/

1,5¢4| 54 T5C1

Ay = A, (single fastening)
= 15¢,(2-15¢,)
= 4.5.¢2

v = 15¢,(15¢, + ¢c,)
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= 2.15c¢,-h
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< 15¢,

Fig. 17—Projected areas for different fastenings under shear loading according to CCD

method

ual anchors as a half-pyramid with side length
1.5¢; and 3¢, (Fig. 17)

projected area of one fastener unlimited by corner
influences, spacing, or member thickness, idealiz-
ing the shape of the fracture area as a half-pyramid
with side length 1.5¢; and 3¢, [Fig. 15(b) and
17(a)]

effect of eccentricity of shear load

1
1+2e,7(3,) (139

distance between resultant shear force of fasteners
of group resisting shear and centroid of sheared fas-
teners (Fig. 18)

tuning factor considering disturbance of symmetric

€1

stress distribution caused by a corner

ys=1 if c¢,21.5¢,

(13¢c)

Wy = 07+03- if ¢,<1.5¢,

)
1.5¢c,
edge distance in loading direction, in. (Fig. 17); for
fastenings in a narrow, thin member with c; ., <
1.5¢; (€3 max = maximum value of edge distances
perpendicular to the loading direction) and & <
1.5¢y, the edge distance to be inserted in Eq. (13a),
(13b), and (13c) is limited to ¢; = max (c; ;,,/1.5;
h/1.5). This gives a constant failure load indepen-
dent of the edge distance c¢; (Reference 21)
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Fig. 18—Example of multiple fastening with cast-in situ
headed studs close to edge under eccentric shear loading

¢, = edge distance perpendicular to load direction (Fig.
17) ,

Examples for calculation of projected areas are shown in
Fig. 17. Note the relatively simple calculation compared to
the more complex geometry of the ACI 349 procedures illus-
trated in Fig. 8.

The considerations just presented relate to shear loads act-
ing perpendicular to and toward the free edge [Fig. 19(a)]. If
the load acts in a direction parallel to the edge [Fig. 19(b)],
the test performed at TNO Delft*’ indicates that the shear
load capable of being resisted is about twice as large as the
load that can be resisted in the direction perpendicular to and
toward the edge (Fig. 19). A similar value can be conserva-
tively used for resistance to loads in the direction perpendic-
ular to but away from the edge.?®

Comparison of ACI 349 and CCD methods
The main differences between these design approaches are

summarized in Table 1. They are as follows:

1. The way in which they consider influence of anchorage

depth k¢ (tensile loading) and edge distance c; (shear load-
ing).

- a)

[«

I Voy = 2:V,,
-4} == V,, according to Eq. (13)
T

b) y
Fig. 19—Double fastening: (a) shear load perpendicular to
edge; (b) shear load parallel to edge

2. The assumption of slope of the failure cone surface.
This leads to different minimum spacings and edge distances
to develop full anchor capacity.

3. The assumption about the shape of the fracture area
(ACI 349: cone, CCD method: pyramid approximating an
idealized cone). In both methods, the influence of edges and
overlapping cones is taken into account by projected areas,
based on circles (ACI 349) or rectangles (CCD method), re-
spectively. Due to this, calculation of the projected area is
rather simple in the case of the CCD method and often rather
complicated in the case of ACI 349.

4. The CCD method takes into account disturbance of the
stresses in concrete caused by edges and influence of load

Table 1—Comparison of the influence of main parameters on maximum load
predicted by ACI 349 and CCD methods

ACI 349-85 CCD method
Anchorage depth, tension B e
ef ef
Edge distance, shear CT c}'s
Slope of failure cone o = 45 deg =35 deg

Required spacing to develop full
anchor capacity

2 hef , tension

2c, ,shear

3 hef , tension

3¢, , shear

Required edge distance to develop
full anchor capacity

1 hef , tension

1 c, ,shear

1.5 hef , tension

1.5 ¢, , shear

1 direction
2 directions

Small spacing or
close to edge

Nonlinear (area-proportional)

reduction

Linear reduction
Nonlinear reduction

Eccentricity of load

Taken into account

ACI Structural Journal / January-February 1995
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Table 2—Single fastenings with post-installed fasteners far from edge, test series—Tensile loading

Edge Country foao0 , Nimm? _ Fep _
spacing of test n Minimum Average Maximum Minimum Average Maximum
GB 55 23.0 275 34.0 220 59.2 136.0
F 79 13.6 28.9 54.9 42.0 89.0 156.0
S 28 16.3 29.8 43.7 32.0 55.9 125.0
¢y LShy D 360 8.8 31.7 75.4 17.6 62.7 220.0
EUR 522 8.8 30.8 754 17.6 65.9 220.0
USA 88 15.3 33.1 52.0 245 69.0 275.0
b 610 8.8 31.1 75.4 17.6 66.3 275.0
GB 58 23.0 27.1 34.0 22.0 63.2 136.0
F 81 13.6 28.0 54.9 42.0 87.0 156.0
S 28 16.3 29.8 43.7 32.0 55.9 125.0
¢y 1.0hy D 400 8.8 31.6 75.4 17.6 62.6 220.0
EUR 567 8.8 30.7 75.4 17.6 65.1 220.0
USA 92 153 32.6 52.0 245 67.6 275.0
b 659 8.8 31.0 75.4 17.6 65.5 275.0

Table 3—Single fastenings with cast-in situ headed studs far from edge, single tests—Tensile loading

Edge Country fcézoo,N/mmz — Py -

spacing of test n Minimum Average Maximum Minimum Average Maximum

S 3 309 39.5 56.7 130.0 1373 142.0

CS 26 283 31.2 34.4 50.0 177.0 450.0

D 192 11.4 28.5 71.9 429 156.4 525.0

cy L5hg EUR 221 114 28.9 71.9 429 158.5 525.0

USA 27 243 28.9 43.1 63.5 109.7 251.4

> 248 11.4 28.9 71.9 429 152.6 525.0

S 6 30.9 38.6 56.7 112.0 133.3 142.0

CS 26 28.3 31.2 34.4 50.0 177.0 450.0

D 220 114 28.3 71.9 429 145.0 525.0

c; 1.0hg EUR 252 11.4 28.8 71.9 429 147.0 525.0

USA 28 243 29.3 43.1 63.5 107.9 251.4

> 280 114 28.6 71.9 429 141.7 525.0

eccentricities. These influencing factors are neglected by °

ACI 349.

TEST DATA

In the following sections, some extracts of the data base
are reproduced to give the reader a sense of the large number
of test series, individual tests, and range of variables consid-
ered. The original summary of test results is given in
Reference 10. Only tests where a concrete breakout failure
occurred were taken into account. In response to review
comments after submission of this paper for publication,
data from the Prague tests reported by Eligehausen et al. 2!
and the Arkansas Nuclear One tests?® were added.

Tensile loading

Tables 2 through 5 give an overview of the number of ten-
sile tests and range of the varied parameters. No difference
in the procedure of performing tests with anchors under ten-
sile loading between Europe and the U.S. could be discov-
ered.

86

Shear loading
Tables 6 through 8 give an overview of the number of

shear tests and range of the varied parameters.

In European tests with anchors under shear loading, a flu-
oropolymer sheet was always inserted between the concrete
surface and steel plate. This is to simulate reduction in fric-
tion between the steel plate and concrete surface caused by
reduction of the prestressing force with time® and by use of
a plate with a relatively smooth surface (e.g., a painted, cold-
drawn, or greased plate). In the U.S., tests are usually per-
formed with an unpainted steel plate attached directly on the
concrete surface with no fluoropolymer sheet in between.
This increases friction resistance and causes the U.S. test
values to be higher.

COMPARISON OF DESIGN METHODS
WITH TEST DATA

In this section, test data from the wide range of tests shown
in the previous section will be compared with the CCD and
ACI design procedures.

ACI Structural Journal / January-February 1995



Table 4—Single fastenings with post-installed fasteners close to edge, test series—Tensile loading

Edge Country - fcgzoo,N/mmZ - — P T — o -
spacing of test n Minimum | Average | Maximum | Minimum | Average | Maximum | Minimum | Average | Maximum
GB 3 23.0 23.8 255 37.0 67.3 100.0 50.0 83.3 120.0
F 2 18.4 18.4 18.4 63.5 63.5 63.5 63.5 63.5 63.5
D 36 24.0 28.7 59.0 30.0 81.5 220.0 30.0 95.6 330.0
c1S 1.5 hy EUR 41 18.4 279 59.0 30.0 79.6 220.0 30.0 93.1 330.0
USA 42 17.2 27.1 34.1 342 118.0 222.3 31.8 96.0 177.8
b3 83 17.2 275 59.0 30.0 99.0 223.3 30.0 94.6 330.0
c1S1.0hy D 10 24.0 26.3 37.7 53.0 100.9 220.0 30.0 93.5 220.0
USA 30 18.6 27.7 34.1 342 137.8 222.3 31.8 100.8 158.8
b 40 18.6 273 37.7 342 128.6 222.3 30.0 98.9 220.0
Table 5—Quadruple fastenings with cast-in situ headed studs, single tests—Tensile loading
Edge | Country — fC&OO’N/mm2 — kb - — o — -
spacing | of test n Minimum| Average MaximumMinimum| Average MaximumMinimum| Average MaximumMinimum| Average Maximum
Quad- USA 3 325 33.6 35.8 161.9 161.9 161.9 — — — 50.8 76.2 101.6
fa;?gfng D 32 17.9 275 38.9 67.3 179.4 360.3 — e — 80.0 125.5 400.0
b 35 17.9 28.1 38.9 67.3 177.9 360.3 — - — 50.8 146.0 400.0

Table 6—Single fastenings with post-installed fasteners and fully developed concrete breakout, test

series—Shear loading

fora00 » N/mm? hef, mm d, mm ¢1, mm
Country - = - - — . — -
of test n Minimum| Average [Maximum|Minimum| Average |Maximum|Minimum| Average |Maximum|Minimum| Average |Maximum
USA 60 21.3 31.7 53.9 25.0 94.5 220.0 8.0 20.9 32.0 40.0 128.3 300.0
D 84 16.1 25.7 48.4 274 70.3 167.6 6.4 14.6 25.4 38.1 98.0 203.2
> 144 16.1 28.2 53.9 25.0 80.4 220.0 6.4 17.2 32.0 38.1 110.6 300.0

Table 7—Single fastenings with post-installed fasteners in concrete members with limited thickness,

single tests—Shear loading

Foto00 N/mm? h o TAM d, mm ¢y, mm ¢y, mm
Country Mini- Maxi- | Mini- Maxi- | Mini- Maxi- | Mini- Maxi- | Mini- |Average| Maxi-
of test n mum |Average| mum | mum |Average| mum | mum |Average| mum | mum |Average| mum | mum mum
D 38 35.2 42.8 46.4 | 155.0 | 250.8 | 306.0 | 20.0 275 40.0 63.0 | 140.2 | 2200 | 62.5 184.1 | 300.0
Table 8—Double fastenings in thick concrete members, single tests
’ 00 » N/ 2 h,r, mm d, mm ¢}, mm ¢y, mm
Anchor R L - - - .
age [Country Mini- Maxi- | Mini- Maxi- | Mini- Maxi- | Mini- Maxi- | Mini- |Average| Maxi-
device | of test | n | mum [Average] mum | mum [Average| mum | mum |Average]| mum | mum |Average| mum | mum mum
Expan-
sion
anchor| D 36 | 20.5 24.8 272 | 80.0 | 81.7 | 100.0 | 18.0 | 20.7 240 | 80.0 | 172.1 | 200.0 | 80.0 | 190.0 | 400.0

Tensile loading

In Fig. 20 and 21, measured failure loads of individual an-
chors are plotted as a function of embedment depth. The tests
were performed on concrete with different compression
strengths. Therefore, the measured failure loads were nor-
malized to £,/ = 25 N/mm? (f,’ = 3070 psi) by multiplying
them with the factor (25/f,, ;)" In addition, predicted fail-
ure loads according to ACI and the CCD methods are plot-
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ted. As can be seen, the tension failure loads predicted by the
CCD method compare rather well with the mean test results
over the total range of embedment depths, with the exception
of the two post-installed fasteners at the deepest embedment.
In contrast, anchor strengths predicted by ACI 349 can be
considered as a lower bound for shallow embedments and
give quite unconservative results for the deepest embedded
headed studs. This is probably due to the fact that size effect
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Fig. 20—Concrete breakout load for post-installed fasten-
ers, unaffected by edges or spacing effects—Tensile test
results and predictions

is neglected by ACI 349. Substantial scatter exists with the
deep embedment data, justifying a conservative approach in
this region.

Fig. 22 shows the results of all evaluations for tensile load-
ing with post-installed fasteners far from the edge. Average
values of the ratios N, ;g t0 N, pregicreq @nd corresponding co-
efficients of variation for both methods are plotted. The av-
erage and coefficient of variation are substantially better for
the CCD method than for ACI 349. This is also true when the
data are subdivided into five different anchor types (Fig. 23)
and for headed studs without edge or spacing influences
(Fig. 24). Eq. (9) uses the same coefficient k. for undercut
anchors as for other post-installed anchors. The results
shown in Fig. 23 support this procedure. These undercut an-
chor tests were typically for undercut anchors with head
bearing pressures greater than 13f,”. Better values would be

expected if the undercuts were proportioned for lower bear-

ing pressures.

The coefficient of variation of the ratios of measured fail-
ure load to the value predicted by the CCD method is about
15 percent for headed studs and undercut anchors, which
agrees with the coefficient of variation of the concrete tensile
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Fig. 21—Concrete breakout load for cast-in situ headed
studs, unaffected by edges or spacing effects—Tensile test
results and predictions

capacity when tests include many different concrete mixes.
The coefficient of variation of expansion anchors is slightly
larger, which might be a result of the different load transfer
mechanisms.

Note that in Fig. 22 through 24, the average of the ratio
N tes! N predictea 18 higher for the ACI 349 method than for
the CCD method. This is due to the fact that the majority of
the evaluated data has an effective embedment depth A,
smaller than 150 mm (6 in.). For headed studs with embed-
ments greater than 300 mm (12 in.), ACI 349 predictions be-
come unconservative (Fig. 21). Thus, the average values do
not indicate local unconservative cases.

In Fig. 25, results of tests with quadruple fastenings with
headed studs are evaluated in the same way as in Fig. 22. The
figure indicates that spacing influence is more easily and ac-
curately taken into account by the CCD method than by ACI
349. While the average failure load is predicted correctly by
the CCD method, it is significantly overestimated by ACI
349. This can also be seen from Fig. 26, which shows failure
loads of groups as a function of the distance s, between the
outermost anchors. Groups with 4 to 36 anchors were in-
stalled in very thick concrete specimens loaded concentrical-
ly in tension through a rigid load frame to assure an almost
equal load distribution to the anchors. Light skin reinforce-
ment was present near the top and bottom surfaces of the
specimens and light stirrups were present near the edges in
some specimens for handling. The stirrups did not intersect
the concrete cone. No reinforcement was present near the
fastening heads. These specimens represent the capacity of
groups of fasteners installed in plain concrete. Embedment
depth and concrete strength were kept constant. In all tests a

ACI Structural Journal / January-February 1995



2.00

1.50 -

e of

9
Nu (test)/Nn (predicted)

1.00 - — lllF — 772 — -

7

Avera

.50

.00
ACI 349

610

CC-Method

?

10.0

20.0 -

30.0 |

Coefficient of Variation [%]

40.0

Fig. 22—Comparison of design procedures for post-
installed fasteners, unaffected by edges or spacing effects—
Tensile loading

common cone failure was observed. For comparison, single
anchors were also tested. For the chosen embedment depth
[h.r=185 mm (7.3 in.)], the capacity of single anchors is pre-
dicted almost equally by both methods. However, with in-
creasing spacing of the outermost anchors, the failure load is
significantly overestimated by ACI 349 and correctly pre-
dicted by the CCD method. This is due to the fact that the
critical spacing s, = 2h,r assumed by ACI 349, which fol-
lows from the assumption of a 45-deg cone, is too small. Ob-
viously, provision of special reinforcement designed to
engage the failure cones and anchor fastenings back into the
block could provide substantial increase in load. This was
not investigated in these tests and such increases are not
treated in this paper.

In Fig. 27, results of tests with single post-installed fasten-
ers close to the edge are evaluated. The average ratio N, .
t0 Ny, predicrea 1S @pproximately the same for both methods.
However, the coefficient of variation is much smaller for the
CCD method and amounts to about the same value as for sin-
gle fasteners away from edges. This shows that assumptions
about the critical edge distance c., = 1.5h, and the stress dis-
turbance factor y ,, are correct. Note that most of the tests
were done with rather shallow anchors (Table 4). For deeper
anchors, it would be expected that the CCD method would
predict more accurate capacities due to its consideration of
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Fig. 23—Comparison of design procedures for post-
installed fasteners, unaffected by edges or spacing effects,
divided into different fastening systems—Tensile loading

size effect and effect of stress disturbance, as well as its as-
sumption of a characteristic edge distance c,, = 1.5 h,p

Influence of load eccentricity on the failure load of anchor
groups is shown in Fig. 28. The eccentricity e,” is calculated
using the general assumptions of the theory of elasticity, i.e.,
stiff anchor plate, anchor displacement equal to steel elonga-
tion, and linear elastic behavior of concrete. It can be seen
that the CCD method yields conservative results. This effect
is also neglected by ACI 349.

Shear loading

Fig. 29 shows a comparison of results of U.S. and Europe-
an shear tests performed with single post-installed anchor
fastenings in thick concrete members with the design proce-
dure of the CCD method and ACI 349. The tests were per-
formed on concrete with different concrete strengths,
different anchor diameters, and different ratios of embed-
ment depth to anchor diameter. Therefore, the measured fail-
ure loads were transformed to a concrete strength f, . =25
N/mm? ( f.” =3070 psi), anchor diameter d, = 18 mm (0.71
in.), and a ratio //d, = 8 by multiplying them with the factor
@5/ o) - (1874, ,,.) " - [8/ (1/d) 1 1,. On the av-
erage, the concrete breakout loads of the U.S. tests are higher
than those of the European tests, especially at smaller edge
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Fig. 24—Comparison of design procedures for cast-in situ
headed studes, unaffected by edges or spacing effects—Ten-
sile loading
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Fig. 27—Comparison of design procedures for single fas-
tenings with post-installed fasteners close to edge—Tensile
loading

distances. This can be attributed to the absence of a fluo-
ropolymer sheet in the U.S. tests and resulting friction con-
tribution leading to higher shear capacity. The friction
contribution relative to the failure load is large for small edge
distances.

Failure loads predicted by the CCD method agree well
with the average failure loads measured in European tests.
On the contrary, ACI 349 is conservative for small edge dis-
tances and unconservative for large edge distances. This is,
again, probably due to the neglect of size effect by ACI 349.
Due to the friction contribution just mentioned, the U.S. test
data are predicted more conservatively by both methods.

In Fig. 30 and 31, average values of the ratios V,, ;,/V,, ..
diction @nd corresponding coefficients of variation for post-in-
stalled fasteners are given for European and U.S. test data,
respectively. The ACI 349 averages are more conservative.
This is due to the fact that most tests were done with small
edge distances. However, the ACI 349 coefficients of varia-
tion are larger. A similar result was found for headed studs.!?

The results of European tests with double fastenings par-
allel to the edge and loaded toward the edge (Fig. 32) and
tests with single fastenings in thin concrete members
(Fig. 33) are similarly evaluated. As can be seen, the CCD
method compares more favorably with the test data. For both
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applications, average failure loads predicted by ACI 349 are
unconservative and coefficients of variation are much larger.

CONCLUSIONS

In this study, the concrete capacity of fastenings with cast-
in situ headed studs and post-installed anchors in uncracked
plain concrete predicted by ACI 349 and the CCD method
has been compared with the results of a large number of tests
(see Tables 2 through 8). Based on this comparison, the fol-
lowing conclusions can be drawn:

1. The average capacities of single anchors without edge
and spacing effects loaded in tension are predicted accurate-
ly by the CCD method over a wide range of embedment
depths [20 mm (0.8 in.) < h,r< 525 mm (20.7 in.)]. For a few
post-installed anchors with embedment depths in the 250-
mm (10-in.) range, the CCD method was quite conservative.
Conversely, ACI 349 underestimates the strength of shallow
anchors and is unconservative for quite a number of deep
embedments. The same result was found for the predicted
capacities of single anchors loaded in shear toward the edge
with small or large edge distances, respectively.

This result is due to the fact that ACI 349 assumes the fail-
ure load to be proportional to a failure area that increases
with the square of the embedment depth. On the other hand,
the CCD method takes size effect into account and assumes

91



¢4 [in]
200.0 : : ; . ; . 2000
2 4 6 8 o2 2 4 6 8 10
- 40
1750 | i
/ 1750 | / 4
1500 |
/ 150.0 | /
- 30
/ / s
1250 |
/ 1250 | /
ACI 349{ . —
E z 5 ACI 349—/ A
100.0} / = = / =
> o . | 20 > > 1000} CCD-Method >
/ ¢ —ccD-Method /-. 420
750 .
75.0 | LY
/.
-
 /
50.0 -
+ 10 50.0 |-
[] - -10
25.0} l 7
-
250 7
alp”
[
0 n n n I " ——— P
0 500 1000 1500 2000 2500  300.0 ole== . - - \ -
g 0 500 100.0 1500 2000 2500 300.0
¢ [mm]
(a) (b)

Fig. 29—Comparison of shear test results with ACI 349 and CCD method for single post-installed fasteners in thick concrete
members: (a) European tests; (b) U.S. tests

2.00 2.00
) <
® 2
° 1.50 - S 1.50 |
© -
@ hd
§’z‘= 1.00 - — qlillIF — —==<— — 7 ;:v"zc 1.00 - — - — - - —
X $=
=z 50 Ff = .50 r
Z 2
.00 .06 2
ACI 349 CC-Method ACI 349 CC-Method
55 55 84 84
= .0 ~ .0
fd <
2 2
s 10.0 ® 10.0
; ;
> >
s 20.0 - S 20.0 b
: :
§ 30.0 | 5 0.0 r
(&) (&)
40.0 40.0
Fig. 30—Comparison of design procedures for European Fig. 31—Comparison of design procedures for U.S. tests
tests with single post-installed fasteners in thick concrete with single post-installed fasteners in thick concrete mem-
members—Shear loading toward edge bers—Shear loading toward edge

92 ACI Structural Journal / January-February 1995



2.00
3
S 1.50 +
b
35
‘g’fé— 1.0 p —— — — — A —
o
<
= 50
=
.00
ACI 349  CC-Method
36 36
- .0 /
<
2
3 100 F
-
S 200F
F
= 300 F
(-3
Q
40.0
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failure load to be proportional to the embedment depth to the
1.5 power.

2. In many applications (for example, anchor groups away
from edges loaded in tension, single anchors in thin concrete
members loaded in shear, double fastenings in thick concrete
members loaded in shear), the capacity is predicted more ac-
curately by the CCD method. Failure loads predicted by ACI
349 for these cases are significantly unconservative. This is
mainly due to the fact that ACI 349 assumes a 45-deg failure
cone. The CCD method is based on an assumed inclination
of the failure surface of about 35 deg, which produces better
agreement with test results.

3. In some applications, such as single anchors at the edge
loaded in tension, the mean capacity is predicted accurately
by both methods. However, the coefficient of variation of the
ratio of measured failure load to the value predicted by ACI
349 is rather large (V = 45 percent).

4. In all applications investigated, concrete capacity is pre-
dicted with consistent accuracy by the CCD method. The co-
efficient of variation of the ratios between measured and
predicted capacities is about 15 to 20 percent. This coeffi-
cient of variation is equal to or not much larger than the value
expected for concrete tensile strength when the test speci-
mens are produced from many different concrete mixes.

5. Calculation of the projected areas is simpler with the

ectangular areas of the CCD method, making it user-friend-
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Fig. 33—Comparison of design procedures for European
tests with single post-installed fasteners in thin concrete
members—Shear loading toward edge

ly. In contrast, the circular areas of ACI 349 result in consid-
erable computational complexity.

Summarizing, the CCD method is a relatively simple,
transparent, user-friendly, and accurate method for efficient
calculation of concrete failure loads for fastenings in un-
cracked concrete. It is based on a physical model to assist de-
signers in extrapolating the empirical results to other
applications. Therefore, this method is recommended for the
design of fastenings. It is not incorrect to use the ACI 349
method for many fastening applications. However, since it
does not seem universally advantageous and in some appli-
cations produces unconservative values, the authors strongly
recommend use of the CCD procedures.

CAUTION

It is known that the presence of tensile cracks can substan-
tially reduce the concrete capacity of fasteners.” Some fas-
teners are not suitable for use in cracked concrete. For those
fasteners suitable for use in cracked concrete, it is possible to
adjust the uncracked concrete failure loads predicted by the
CCD method by using an additional multiplicative factor.
This factor results in cracked concrete capacities around 70
percent of uncracked concrete capacities.” Similarly, it is

£
‘TEligehausen, R., and Balogh, T., “Behavior of Fasteners Loaded in Tension in
Cracked Concrete,” accepted for publication in ACI Structural Journal.
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known that the concrete capacity of fasteners can be en-
hanced by properly detailed local reinforcement. Such en-
hancement can be included in design provisions but is
outside the scope of this paper.

NOTATION*
c = distance from center of a fastener to edge of concrete
¢y = distance from center of a fastener to edge of concrete in one
direction. Where shear is present, cy is in the direction of the
shear force
¢y = distance from center of a fastener to edge of concrete in direc-

tion orthogonal to ¢;. Where shear is present, ¢; is in the direc-
tion perpendicular to shear force

d, = outside diameter of fastener or shaft diameter of headed stud or
headed anchor bolt

d, = head diameter of headed studs or headed anchors

"’ = concrete compressive strength, measured on 6 by 12-in. cylin-

ders

f... = concrete compressive strength, measured on 200-mm cubes

fe¢ = concrete tensile strength

h = . thickness of concrete member in which a fastener is anchored

hes = effective embedment depth

n = number of test results

s = distance between fasteners, spacing

s, = distance between outermost fasteners of a group

V. = coefficient of variation

x = ratio of actual to predicted load

x = mean value of x

Ay = projected area, tension

Ay =  projected area, shear

CEB =  Euro-International Concrete Committee

CS = Czechoslovakia

D = Germany

EUR = Europe

F = France

GB =  Great Britain

N = tensile load

S = Sweden

USA =  United States of America

V= shearload

o = slope of concrete breakout cone

¢ = capacity reduction factor for safety considerations
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