PCI-SPONSORED RESEARCH STUDY

Design Criteria for Headed

Stud Groups in Shear:

Part 1 — Steel Capacity and
Back Edge Effects

The Precast/Prestressed Concrete Institute sponsored a compre-
hensive research program to assess the shear capacity of headed
stud group anchorages. This program was initiated in response to
new provisions introduced into the 2002 ACI 318 Building Code. The
proposed ACI provisions are based on extensive data dominated by
post-installed anchor tests. Tests of headed stud anchorages, as used
in precast construction, are not prevalent in the literature. The test
program, conducted by Wiss, Janney, Elstner Associates, Inc. (WJE),
examined headed stud connections loaded toward a free edge, a
free edge near a corner, parallel to one free edge, parallel to two free
edges, away from a free edge, and in-the-field of a member, such that
edge distance was not a factor. The information reported herein ad-
dresses the steel capacity failure mode. Test data were obtained when
the shear force was directed away from a free edge, in-the-field test-
ing, and from other edge distance tests where steel failure governed
the capacity.
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eaded stud anchorages are Headed stud anchorages in precast
used extensively in the con- concrete members can be found in col-
umn corbels, spandrel beams, dapped-

crete industry in both cast-

in-place and precast construction.
Welding studs to steel plates provides
Donald F. Meinheit, Ph.D., PE., an easy and economical means of
S.E. embedding and providing a ready to
complete structural connection. Such
a connection has substantial versatil-
ity by allowing large variations in
construction dimensions.
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end members, wall panels, tee beams,
and other components. Commonly, studs
in precast members are 3 to 8 in. (76
to 203 mm) long and form multi-stud
group connections. The load capacities
of these connections are generally af-
fected by stud spacings, edge distances,
and member depth or thickness.
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In the past, the design of stud an-
chorages usually followed procedures
set forth in the PCI Design Handbook!
or the nuclear structures code, devel-
oped by ACI Committee 349.2 Until
now, stud anchorage design has not
been codified within the widely ac-
cepted Building Code Requirements
for Structural Concrete,® as prepared
by ACI Committee 318. However, an
approach for the design of anchor-
ages to concrete has been approved
as Appendix D* of the upcoming ACI
318-02 Building Code. The ACI 318
Appendix D method is based on the
Concrete Capacity Design (CCD)
model proposed by Fuchs, Eligenhau-
sen, and Breen.’

The ACI design approach necessar-
ily must consider all types of cast-
in-place and post-installed anchors.
The design procedure in ACI 318-02
Appendix D is calibrated using a da-
tabase heavily dominated by post-in-
stalled anchors. Anchorages used in
precast concrete construction fall into
a relatively narrow range of those con-
sidered in ACI 318-02 Appendix D.

For headed stud anchorages, the
ACI design approach shows signifi-
cantly different capacity under cer-
tain conditions than the approach used
in the current PCI design model. The
concrete break-out capacity calculated
with the proposed ACI approach is
typically lower than that predicted by
PCI design procedures, particularly
when edge and spacing distance ef-
fects on stud groups are considered.

The differences in capacity prompted
the PCI to undertake a research pro-
gram with the ultimate objective of im-
proving design criteria for headed stud
anchorage groups, a connection type
commonly used by the precast concrete
industry. The research project included
an experimental program to provide the
background information for modify-
ing the ACI or PCI design approaches
or to justify and refine the PCI design
approach as currently published in the
PCI Design Handbook.

This paper represents Part 1 of four
parts included in this research pro-
gram. The work reported herein pres-
ents findings on two of the six primary
variables evaluated in this shear ca-
pacity study. The variables in the shear
testing program included conditions
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Fig. 1. Member geometry and edge distance notation after PCI definitions.

that loaded the headed stud groups:

1. Toward a free edge (de3).

2. Toward a free edge at a corner
(de3 and del simultaneously).

3. Parallel to one free edge (del).

4. Parallel to two free edges (del
and de2 simultaneously)

5. Away from a free edge (de4).

6. In-the-field of the member such
that edge distance was not a fac-
tor in the failure.

Schematic representations of the
del, de2, de3, and de4 edge distances
are provided in Fig. 1.

Stud anchorage behavior when the
connection is loaded away from a
free edge and in-the-field is discussed
herein. These two conditions cause the
capacity to consistently be one of steel

failure.

This paper provides background in-
formation for the steel capacity equa-
tions in ACI 318-02 Appendix D. The
remaining components of this shear
research program including the front
edge effects, side edge effects, and
combined front and side edge effects
or corner influences will be reported
in future issues of the PCI JOURNAL.

OVERVIEW OF
RESEARCH PROGRAM

In mid-1996, PCI selected Wiss,
Janney, Elstner Associates, Inc. (WJE)
of Northbrook, Illinois, an engineer-
ing consulting firm, to undertake this
research program under the direction
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of PCI’s Research and Development
Committee. An advisory panel was
appointed to closely monitor the proj-
ect and consult on the testing scope.
The advisory panel includes individu-
als from academia, consulting engi-
neering, and precast concrete producer
members.

Program Development

This research work® focused on an-
chorages and geometric conditions
typically used in the precast/pre-
stressed concrete industry. The re-
search concentrated on diameter, em-
bedment depth, and number of welded
headed studs on a connection plate in
configurations commonly used in pre-
cast concrete applications; the study
excluded post-installed anchors.

The first task of the research pro-
gram was to review existing data on
headed studs embedded in structural

concrete loaded in shear. Some ex-
perimental data on headed studs sub-
jected to tension, shear, and combined
tension and shear loadings have been
published. However, the database for
headed stud anchors is limited espe-
cially when compared to the database
existing for post-installed anchors. Ad-
ditionally, cast-in-place anchorages
having head geometries similar to that
of headed studs were included in this
review, as applicable; for example,
some cast-in-place anchor bolts fall in
this category.

A literature search and analysis of
existing data were used to formulate
a laboratory test program. The shear
testing program, conducted in the
WIJE laboratory, had the following
objectives:

e Verify that a well-developed stud
connection, that is, studs long
enough to preclude a concrete pry-

Table 1. Summary of the WJE/PCI test program.

Tests completed

328 shear tests performed

Test specimens

34 concrete slab specimens cast

16 push-off specimens utilizing a steel wide

(12) 5x 5ftx 6 in.

(4) 4x10ftx 16 in.
(3) 4x4ftx 16in.
(15)5x5ftx 16 in.

flange section

Fabrication

Six separate concrete castings made
40.5 cu yd of concrete used for an average of
6.5 cu yd per casting

Supporting tests

Concrete compressive and tensile strength

Concrete modulus of elasticity

Tensile strength of all headed stud sizes used
(23 tests total)

Double shear strength of all headed stud sizes
used (18 tests total)

Stud sizes 2¢ x 3'/g in. her=5.38d
12 ¢ x 5%/16 in. hes=9.84d
/3 ¢ x 4%/16 in. hes=15.93d
Anchorages 14 anchorage plate layouts

1,2, 3, 4 and 6 stud combinations evaluated

Concrete strength

5000 to 6000 psi (typical of precast concrete)

Test locations

Front edge (de3) 102 tests
Side edge (del) 94 tests
Back edge (de4) 23 tests
Front corner (del-de3) 67 tests
In-the-field 26 tests
Push-offs 16 tests

Note: 1 in. =25.4 mm; 1 ft = 0.3048 m; 1 Ib = 4.448 N; 1 kip = 4.448 N; 1 psi = 6.895 kPa; 1 ksi = 6.895 MPa;

1 cuyd =0.7646 m’.
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out failure, located away from edge
influences will develop a capacity
dictated by characteristics of the
stud steel properties.

 Evaluate group behavior near the side
(del), front (de3), and back (de4) free
edges considering as variables: dis-
tance from an edge, spacing in the x-
and y-directions, number of anchors
in the group, embedment depth, and
anchor diameter.

¢ Review or refine the concrete break-
out model with respect to the del,
de3, and de4 edge distances.

¢ Determine the influence of the slab
“thickness effect” for shear-loaded
connections.

» Evaluate anchor group behavior at a
corner, where the del and de3 edge
distances meet.

e Evaluate anchor group behavior
when simultaneous del and de2
edge conditions exist, such as in a
column.

Testing Program Description

The WIJE experimental program
included 312 plate configurations in
shear and 16 push-off type specimens,
as summarized in Table 1. The tests
were typically conducted in slabs mea-
suring 4 x 10 ftor 5 x 5 ft (1.2 x 3.0
m or 1.5 x 1.5 m) with either a 6 or 16
in. (152 and 406 mm) thickness. The
16 push-off specimen tests were con-
ducted to simulate the shear loading
conditions when an embedded anchor
group is adjacent to two longitudinal
edges simultaneously.

In the shear testing program, a total
of 14 different plate designations
were evaluated, which included dif-
ferent combinations of plate size, stud
spacing, stud embedment depth, and
stud diameter. A conscience decision
was made that plate thickness and
concrete compressive strength would
not be variables in the test program.
Headed stud diameters of !/2-and
3/s-in. (12.7 and 15.9 mm) were tested
in this program.

The test program evaluated the ca-
pacity of single and group connection
configurations in several geometric
conditions. Referring to Fig. 1, an-
chorages were tested toward the free
edge (de3), at a corner, adjacent or
parallel to a free edge (del), and away
from a free or back edge (de4). Addi-
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tional testing was directed to evaluate
connection capacity when it was posi-
tioned far away from the influence of
an edge, or the so-called “in-the-field”
tests. The in-the-field tests were antici-
pated to produce a better understand-
ing of connection capacity when the
stud steel governs the failure mode.
Several test series were repeated in
both 6 and 16 in. (150 and 400-mm)
thick specimens to evaluate the effects
of member thickness.

The test findings reported in this
paper represent one part of an over-
all comprehensive report on the shear
behavior of headed stud anchorages
loaded in shear. Results reported here
are limited to defining the capacity of
the stud steel in shear.

LITERATURE REVIEW

The welded headed stud gained
considerable research attention in the
late 1950s and through the 1960s.
The early research work on welded
headed studs was focused on applica-
tions in the concrete slab-steel beam
composite member. The headed stud
was viewed to be an efficient and ef-
fective shear transfer device, replacing

channels, angles, or fabricated spirals
attached to the top flange of a steel
beam. The headed stud arc welding
process represented a labor and ma-
terial cost savings over manual arc
welding the aforementioned shapes to
a steel beam.

Push-Off Tests

Testing to evaluate composite beam
behavior typically utilized a push-
off specimen to study shear transfer
through the headed studs. The push-
off test specimen commonly used a
wide flange beam section sandwiched
between two concrete slabs. Headed
studs were welded to both flanges in
some prescribed pattern or spacing and
embedded into a thin concrete slab rep-
resenting the composite deck slab. The
concrete slab was usually reinforced to
simulate a bridge deck. As shown in
Fig. 2, the steel beam was held above
both the top and bottom elevation of
the slabs. Both the beam and two slabs
were oriented vertically fitting conve-
niently into a universal testing machine.

Early composite beam research,
using the push-off specimen, was con-
ducted by Viest at the University of

Illinois,” Slutter, Fisher and others at
Lehigh University,®* Baldwin, Dallum,
and others at the University of Mis-
souri-Columbia,'*!'2 Goble at Case
Western Reserve University,!* Chinn
at the University of Colorado,'* and
Hawkins at the University of Sydney.'
These early test programs produced
a significant amount of shear data on
headed stud behavior with a particular
emphasis on groups. Several of the
push-off test failure loads were due to
stud steel shear, which is relevant to
this paper.

Review of the push-off test results
provides good comparative data for
headed studs loaded in pure shear. As
stated earlier, previous testing on the
headed stud connections used in pre-
cast concrete attachments is limited,
especially when groups are considered.
To evaluate group stud connections,
with an emphasis on steel failure, there
are no known published test results.

Most of the non-push-off testing
programs were conducted by load-
ing the connection toward a free edge
with the intent of studying anchor-
ages loaded in shear and failing in a
concrete breakout mode. Therefore,
published behavioral results on headed
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Fig. 2. Typical push-off test specimen (from Ollgaard, Slutter and Fisher).’
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stud groups loaded in pure shear with-
out the influence of any edge effects
and failing the steel is entirely con-
tained in the aforementioned refer-
enced push-off tests.

It should be noted that the design of
the push-off test specimen has char-
acteristics that limit its full applica-
bility to emulating a precast concrete
anchorage. Most of the thin concrete
slabs used in push-off tests contained
nominal reinforcement, more represen-
tative of bridge deck construction. The
reinforcement had no influence on the
first cracking load, but it is likely-that
the reinforcement in the concrete slab
held the slab together to allow for ad-
ditional displacement and ductility.

The early researchers were particu-
larly concerned with load-slip charac-
teristics of the connections. Unrein-
forced concrete specimens, reported
in the literature, oftentimes produced a
transverse splitting failure in the con-
crete slab, a failure mode unlikely to
occur in actual bridge deck construc-
tion because of the presence of trans-
verse reinforcement.

Another limitation of the push-off
specimen relates to the mechanism
to apply load to the embedded studs.
Load transfer from the steel column
through the headed studs into the two
concrete slabs results in the best con-
ditions to place the studs in pure shear.
However, the external applied load
causes a reaction against the ends of
the two concrete slabs, placing them in
compression. This condition is viewed
to be analogous to a headed stud an-
chorage located in-the-field of a mem-
ber; that is, a significant amount of
concrete slab is located in front of the
anchorage to preclude any front edge
influences.

The favorable concrete compres-
sion stress developed in front of the
studs does not affect tests having one
transverse row (or one y-row) of studs.
On the contrary, when stud groups
with multiple longitudinal rows were
tested using the push-off specimen, the
test results become more difficult to
interpret. Each longitudinal row in the
group is subjected to a different level
of compressive confinement stress.
Likewise, multiple longitudinal (or y)
rows which are spaced at large dis-
tances reduce the efficiency of the an-
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chor group due to shear lag effects.

A push-off specimen with multiple
longitudinal rows of studs is similar to
a long bolted connection whose effi-
ciency is reduced in proportion to
X /L (where X is the distance be-

tween the shear plane of
the connected parts and the centroid of
the connected component) in accor-
dance with steel tension member de-
sign.

Our review of the available push-
off data shows the overall connection
length, L, may be a significant variable
in determining the capacity that can be
achieved by the stud because of shear
lag. For further discussion of shear
lag, see the book by Kulak, Fisher, and
Struik.'¢

Keeping the above limitations of
the push-off test in perspective, some
valuable data were applicable to the
present study. Relevant information
from these early tests is discussed
below.

Embedment Depth — In 1955,
Viest” performed 12 push-off tests at
the University of Illinois as part of
research into composite beam behav-
ior. Stud diameters ranged from !/>
to 1'/4 in. (12.7 to 31.8 mm), with a
reasonably constant effective embed-
ment depth (h,;) between 3 and 3'/2
in. (76.2 to 88.9 mm). All studs were
placed in one row with an approxi-
mate 4 in. (101.6 mm) x-spacing for
10 of the 12 tests. Two tests had four,
3/4 in. (19.1 mm) diameter studs in
one y-row with an approximate 2 in.
(50.8 mm) center-to-center spacing. To
ensure the studs were the only shear
transfer mechanism, the steel I-beams
were coated with grease to minimize
any frictional transfer of the shear load
along the flange width.

As reported in the work by Viest, the
two-stud tests having ratios of effec-
tive depth to stud diameter (h,/d) of
4.53, 5.5, and 7.0 failed in stud shear
(steel failure). The four tests with two
studs having diameters of 1 and 1!/4
in. (25.5 and 31.5 mm) experienced
concrete failure. These four tests had
average h,/d ratios of 3.22 and 2.51,
respectively.

In the original Viest work, because
the stud height was relatively con-
stant, two prediction equations were
presented for stud diameters less than
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1 in. (25.4 mm) and greater than or
equal to 1 in. (25.4 mm). In a sub-
sequent research summary paper,
Viest!” described testing ten additional
push-off specimens and modifying
the equations for the 1957 AASHO
Specifications. Instead of making the
design equation a function of diameter
only, the critical parameter became
hefd.

Another observation from the Viest
test data is the apparent good correla-
tion of steel shear capacity using a
prediction of 1.0 AF,, when h,/d =
4.53. In this equation, A; is the cross-
sectional area of the stud shank and
F,; is the ultimate tensile strength of
the stud steel.

This predicted steel shear failure
load corresponds quite well to test data
when-ultimate tensile strength of the
steel is used, instead of a value re-
duced for tensile yield (F,-= 0.9 F,),
where F) is the offset tensile yield
stress for the stud steel. Likewise, it is
a better predictor than the shear yield

(F,, = 0.58F,,, that is, 1/+/3), where
F,, is the shear yield stress
according to the Huber-von Mises-
Hencky yield criterion.'

WIE compiled push-off test data
from a number of the referenced re-
search studies to evaluate concrete
and steel failures. To eliminate having
the data influenced by shear lag, only
push-off specimens with one longitu-
dinal (y) row of studs were evaluated.
Fig. 3(a) shows a graph of the test-to-
predicted ratio for steel failure plotted
against embedment depth ratio (h./d),
where the predicted capacity is based
on 1.0 AF .

The trend of the data indicates that
1.0 A,F,; is a good predictor for a steel
failure when the embedment depth
(hefd) exceeds about 4.5. This is just
slightly greater than the value of 4.2
identified by Driscoll and Slutter® and
incorporated into the 1961 AASHO
Specifications.'

For some tests conducted in normal
weight concrete, steel stud shear fail-

Table 2. Review of PCI Design Handbook requirements for stud strength

governed by steel.

PCI Handbook Parameters Steel strength
edition phi (¢) Steel equation
1 (1971) none f; =60 ksi V,=0.75 Ay f;
=45.0 A,
2 (1978) 0.85 f; =60 ksi OV = QuAf,
(shear-friction concept) =45.0 A,
(where u = 1.0)
3 (1985) 1.0 f; =60 ksi V= (0.75) Ayfs
=45.0 A,
4 (1992) 1.0 f; =60 ksi oV, =¢(0.75) fApn
=45.0 Ayn
5(1999) 0.90 fy=50ksi oV, =9 (0.9) f,Apn
=40.5 Ayn

Note: Ay, = A, = cross-sectional area of the stud shank (sq in.); n = number of studs in the connection;

f; = ultimate tensile strength (ksi); f, = yield strength (ksi).

Table 3. Minimum mechanical Eroperty requirements for headed studs

adapted from AWS D1.1-2000.°"

Property

Type A

Type B

Tensile strength (min.)

61,000 psi (420 MPa)

65,000 psi (450 MPa)

Yield strength (0.2 percent offset)

49,000 psi (340 MPa)

51,000 psi (350 MPa)

Elongation (min. percent 2 in.)

17 percent

20 percent

Reduction of area (min.)

50 percent

50 percent
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ure occurred at embedment depth ra-
tios (f./d) less than 4.5. The tests with
shorter stud embedment depths gener-
ally have predicted steel shear capaci-
ties (using 1.0 A,F,,) greater than the
actual test results, even though the
reported failure mode was that of stud
failure. The steel failure mode may
have, in fact, been a secondary failure
after considerable concrete crushing or
stud deformation had occurred.

Work performed by Ollgaard, Slut-
ter, and Fisher® at Lehigh University
was an extensive study using studs
with an effective embedment depth
(hefd) of 3.26 and different types of
lightweight and normal weight con-
crete. Failures were noted in both stud
steel shear or by a concrete mecha-
nism. Results of this work produced
a prediction equation, independent of
failure mode, basing individual stud
strength on stud area, concrete com-
pressive strength, and elastic modulus
of the concrete. Their final prediction
equation was:

0, = 054 N,f'flJ:Ec (1)

where
Q, = nominal strength of a shear
stud connector embedded in a
solid concrete slab (kips)
A, = effective cross-sectional area
of a stud anchor (sq in.)

f = specified compressive strength
of concrete (ksi)
E. = modulus of elasticity of con-

crete (ksi)

This equation is applicable to both
normal and lightweight aggregate
concrete. Unlike earlier prediction
equations from the push-off test, this
equation did not have a limitation on
effective stud embedment depth, hef/d.
This equation has a long history of
being a good predictor of shear capac-
ity, as it has been referenced in the
AISC Specification since 1978.%° In
AISC, the upper bound on the stud
strength is A,.F,, where A . is the
cross-sectional area of a stud shear
connector and F, is the minimum
specified tensile strength of the stud
shear connector.

A simplified lower bound form of
the Ollgaard, Slutter, and Fisher equa-
tion was proposed by Shaikh and Yi?!
in 1985:
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(a) Overall view of test setup.

(b) Close-up view of test fixture.

Fig. 4. Test setup for tension testing headed studs welded to a steel plate.

V,. = 8004 A, /[ )

where
V., = nominal shear strength (Ib)
A, = effective cross-sectional area
of a stud anchor (sq in.)
f. = specified compressive strength
of concrete (psi)
A = concrete unit weight factor
The conversion of Eq. (1) to Eq.
(2) with its assumptions and use of
A, resulted in an average prediction
equation. Consequently, Shaikh and
Yi selected a lower bound line through

the data, resulting in a constant of 800.
This equation appeared in both the
Third and Fourth Editions of the PCI
Design Handbook.

When the concrete failure test loads
for short studs (h./d < 4.5) in normal
weight concrete are predicted in ac-
cordance with the PCI Design Hand-
book Fourth Edition?? Eq. (6.5.8) [Eq.
(2) above], there is reasonably good
correlation with the data. The data
plot in Fig. 3(b) shows the data trend
with test-to-predicted capacities of
about 1.0.

In summary, the work by Ollgaard,
Slutter, and Fisher, as well as the WJE

PCI JOURNAL



review of other data showed that 1.0
AF,; is a good predictor of steel stud
shear capacity when h,/d = 4.5. When
headed studs are shorter than this ef-
fective embedment depth, a concrete
pryout failure mechanism occurs.
Concrete pryout failure is a concrete
breakout failure mode that is not a
function of edge distance but a func-
tion of the “stiffness” of the headed
stud. Thus for short, “stocky” anchors
with h,J/d less than 4.5 it appears that
Eq. (6.5.8) in the Fourth Edition of the
PCI Design Handbook, Eq. (2), appro-
priately predicts the concrete failure
mode.

Lightweight Aggregate Concrete
— Our analysis of reported steel shear
failures in studs embedded in light-
weight concrete indicates test strengths
less than that predicted by 1.0 AF,,.
The data were found in the work by
Ollgaard, Slutter, and Fisher;? Chinn;
and studies at the University of Mis-
souri-Columbia.'"'> Lightweight ag-
gregate concrete appears to provide
an embedment environment whereby
the stud causes greater crushing of the
concrete, producing more bending de-
formation, resulting in larger overall
slip of the embedment.

On a macro level, lightweight con-
crete is a matrix of cement paste and
lightweight aggregates. The cement
paste, taken alone, has a higher com-
pressive strength than the individual
lightweight aggregate particles. In
combination, this mixture usually does
not exhibit a reduction in compres-
sive strength over comparable normal
weight concrete.

When a steel shear failure occurs,
the welded end of the stud deforms
by bending as it bears on the concrete.
Extremely high, concentrated bearing
stresses develop in the concrete, which
eventually cause localized concrete
crushing. Lightweight concrete has
a lower concentrated point bearing
strength than the point bearing strength
in normal weight concrete because of
the lightweight aggregate particles in
the matrix. The weld connecting the
stud to the plate concentrates the trans-
fer of the shear load over a small bear-
ing area in the concrete. As such, the
bearing and localized crushing zone in
the lightweight concrete needed for the
concrete to mobilize bearing resistance
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is deeper.

Lightweight concrete appears to
allow the headed stud a greater op-
portunity to deform, and the increased
concrete deformation induces more
bending into the stud and attachment
weld. The failure mode appears to be
the result of combined shear and ten-
sion from the stud bending on the criti-
cally stressed portion of the weld.

In our analysis, this apparently
higher bending deformation combined
with shear deformation reduces the
capacity of the headed stud to a lower
value than 1.0 A F,,. The stud shear
capacity well away from a free edge in
lightweight concrete is better predicted
by Egs. (1) or (2) for either concrete or
steel failures, regardless of embedment
depth, as shown in Fig.-3(c).

Connection Plate Thickness — To
ensure adequate distribution of an
applied shear force to the individual
headed studs on a connection plate,
the plate must have a certain minimum
thickness. The PCI Handbook Fourth
Edition?* required the minimum plate
thickness (z,;) to be two-thirds the stud
diameter (f,; = 0.67d). The minimum
plate thickness requirement was re-
duced in the Fifth Edition of the PCI
Handbook! to one-half the stud diam-
eter (1,2 0.54).

Research on the minimum plate
thickness appears to be limited to work
by Goble at Case Western Reserve
University."® This research focused
on the minimum flange thickness re-
quired in light-gage steel in order to
develop the full capacity of a welded

Fig. 5.

Test setup for shear
testing of headed
studs.

stud connection. Goble determined the
stud diameter-to-flange thickness (/1)
ratio was required to be less than or
equal to 2.7 to develop the stud weld.
A total of 41 push-off specimens were
tested to develop this finding.

Alternatively written, the minimum
flange thickness required must be
greater than 0.37d. Flange thickness
meeting this minimum criterion ex-
hibited steel stud shear failure. Thin-
ner flanges, exceeding a d/tf of 2.7,
showed partial or full pullout of the
stud from the flange, producing a divot
or crater.

Based on this work, it appears that
the current PCI minimum plate thick-
ness requirements are slightly conser-
vative when a connection is loaded in
pure shear. An increased plate thick-
ness may be justified when tension or
combined shear and tension are con-
sidered to ensure more uniform load
distribution to the stud group.

Minimum Slab Thickness — Steel
stud failures, loaded in shear in the
push-off specimens, were achieved in
some relatively “thin” slabs. Review
of the data shows steel failures oc-
curred in slabs ranging in thickness
from 4 to 7 in. (102 to 178 mm). For
these tests, the clear cover over the
head of the stud on the free surface
side of the slab ranged from 1 to 3.1
in. (25.4 to 78.7 mm). A more conve-
nient description is the slab thickness-
to-effective embedment depth ratio
(h/hp), which ranged from 1.4 to 2.2
for the published push-off test data.

No definite conclusions can be ex-
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tracted from the push-off data regard-
ing minimum slab thickness within the
range tested. However, we conclude
that slab thickness is not a variable in-
fluencing a stud steel shear failure.

X-Spacing Effect — In early work
by Viest,” a comparative set of tests
was conducted with %4 in. (19 mm)
diameter studs at differing x-spacings;
that is, the distance between adjacent
studs in one row. Tests 6A2 and 6B2
in that series had two studs in a trans-
verse row with a 3.0 in. (99 mm) x-
spacing. Companion specimens 6A4
and 6B4 had four studs across with a
center-to-center spacing (x-spacing)
of 1.9 in. (48.3 mm). All studs in these
tests had embedment depth to stud
diameter ratios (h,./d) greater than 4.5,
such that the concrete pryout failure
mode should not occur.

The two specimens with four studs
in a row (Tests 6A4 and 6B4) failed in
a concrete failure mode, even though
their h,,/d values were greater than 4.5.
This implies that the anchor spacing in
the x-direction can be a factor in the
ultimate load capacity of the connec-
tion. In the ACI 318 Code Appendix
D design provisions,* the minimum
anchor spacing for multi-anchor con-
nections is 4d. For the Viest tests with
four studs in one row, the x-spacing
ratio (x/d) was 2.5 while tests with two
studs per row had a ratio of 4.0. Thus,
it appears that if a minimum spacing
of 4d is imposed on anchor spacing in
a group with large edge distances, a
steel failure should occur when h,/d is
greater than 4.5.

Other than these tests by Viest, push-
off tests by Goble!® and Hawkins!s
studied conditions with h,/d greater
than 4.5 and reported stud steel failure
with a x-spacing as low as 4.8d. Other
shear tests, exceeding a x-spacing of
4.8d, caused the stud to fail in shear.

PCl Design Handbook Review

Throughout the years, the PCI
Design Handbooks!?** have con-
tained upper limits on the strength of
a headed stud connection loaded in
shear. The maximum permissible shear
load has always been limited by the
stud’s steel strength in shear. Table-2
summarizes the history of the PCI De-
sign Handbook requirements for stud
strength.

September-October 2000

As shown in Table 2, the equations,
strength reduction phi (¢) factors, and
steel strengths (yield or ultimate ten-
sile) used have varied. However, the
basic resultant “allowable” stress on
the stud has remained relatively con-
stant at 45 ksi (310 MPa), assuming a
minimum ultimate stud tensile strength
(F, or F,) of 60 ksi (414 MPa).

Aside from the information listed in
Table 2, the Handbook has contained
some unique provisions. The Second
Edition incorporated the concept of
shear-friction into the limiting equa-
tion. But the shear-friction coefficient,
u, was conservatively set equal to 1.0
based on the lack of test data.

The Third and Fourth Editions of the
Handbook also contained a limitation
on the concrete pryout strength equal
to Eq. (2). As addressed earlier, this
equation was a simplification to the
Ollgaard, Slutter, and Fisher equation
proposed by Shaikh and Yi. Eq. (2)
was actually based on both concrete
and steel failures. Note that Eq. (2)
was dropped from the Fifth Edition of
the Handbook.

Steel Code Review

The nominal shear strength of one
stud connector embedded in a solid
concrete slab is given in the AISC
specifications® as Eq. (1). This pry-
out equation in AISC carries an upper
limit of A,.F,. AISC does not specifi-
cally stipulate a separate phi reduc-
tion factor (¢) for studs. The reduction
factor is apparently grouped with the
bending phi factor, ¢,, which is 0.85
for plastic redistribution of stress or
0.90 for an elastic stress distribution
on the section. These reduction factors
are also calibrated to the AISC/ASCE
load factors, which differ slightly from
the traditional ACI load factors.

AISC does not place a limit on the
effective stud embedment depth, hef/d.
They do, however, place limitations
on the stud spacing. The minimum
center-to-center spacing of studs is to
be 4d in the transverse direction, and
6d along the longitudinal axis of the
composite beam. Finally, AISC limits
the stud diameter to less than 2.5 times
the flange thickness.

The code requirements in the Hand-
book of Steel Construction?” from the
Canadian Institute of Steel Construc-

Fig. 6. Ductile failure of welded headed
stud away from the weld.

tion (CISC)? are similar to AISC. The
Canadian Code does place a capacity
reduction factor (¢,.) on the pryout
equation, Eq. (1), while keeping the
upper limit to A, .F,;. The phi resis-
tance factor (¢,.) is 0.80. Moreover,
welded studs are to have an effective
height to stud diameter ratio (h,/d)
greater than 4.

Summary of
Code Material Requirements

For the past 35 years, the mate-
rial strength requirements for welded
headed studs have remained unchanged.
The 1965, Ninth Edition of the AASHO
Standard Specifications for Highway
Bridges,” representing the earliest codi-
fied properties, specified that shear con-
nector studs should conform to ASTM
A108 in Grades 1015, 1017, or 1020.
The physical material properties listed
in the 1965 AASHO were:

e Tensile strength (min.): 60,000 psi

(415 MPa)

* Yield strength (min.): 50,000 psi

(345 MPa) (0.2 percent offset)

* FElongation in 2 in. (52 mm) (min.):

20 percent
* Reduction of area (min.): 50 percent

These material properties are identi-
cal to the first requirements published
by the American Welding Society
(AWS) for shear connectors in the
1968 Supplement to AWS D1.0-66
and D2.0-66.% AWS also designated
a second class of studs as “studs other
than shear connectors” having the fol-
lowing material properties:

e Tensile strength (min.): 55,000 psi

(380 MPa)

* Yield strength (min.): No requirement
* FElongation in 2 in. (52 mm) (min.):
20 percent
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In the 1982 edition of AWS D1.1,%
these lower strength studs were classed
as Type A studs, whereas the 60 ksi
(415 MPa) studs were classed as Type
B studs.

The current Structural Welding
Code, AWS D1.1 — 2000,*! has recog-
nized that mild steels conforming to
ASTM A108* (Grades 1010 through
1020) and used for headed studs have
increased material properties. Table 3,
adapted from AWS D1.1-2000 Table
7.1, shows the current minimum ten-
sile strength (F,;) to be 65 ksi (450
MPa) and yield strength (F)) to be 51
ksi (350 MPa) for Type B studs. Cur-
rently, AWS classifies Type B studs as
studs that are headed, bent, or of other

Table 5. Results of double shear tests on

configuration in !/2, /s, %/a, 7/s, and 1
in. (12, 16, 20, 22, and 25 mm) diam-
eters used as an essential component
in composite beam design and other
construction. The stud diameters listed
appear to be the majority of those also
used in precast concrete construction.
Type A studs cover the /s and /s in.
(6 and 10 mm) diameter stud sizes,
used occasionally in precast con-
struction. As shown in Table 3, Type
A studs currently have a 61 ksi (420
MPa) minimum tensile strength (F,)
and a 49 ksi (340 MPa) minimum
yield strength (Fy). AWS defines Type
A studs as “general purpose of any
type and size used for purposes other
than shear transfer in composite beam

design and construction.”

STUD TESTS

Design rules for steel anchorages are
generally based on the tensile proper-
ties of steel. For most design cases, it
is convenient to base the capacity of
headed studs on the tensile yield or
strength values and relate the shear
capacity to a factored reduction of ei-
ther value. Materials used for manu-
facturing headed studs do not gener-
ally exhibit well defined yield point
values. Therefore, the capacity of the
stud is much easier to calculate when
based on the easier to measure tensile
strength. The headed stud properties

Nelson headed studs.

@ 2) 3) ()] ) (6) ) (t)] ()] (10)
Length Estimated Shear-Tensile data
Measured Cross- before stress at Maximum Avg. shank Ratio of
actual sectional welding proportional shear tensile shear to
Stud Test diameter area (BW) limit stress Failure strength tensile
description number (in.) (sq in.) (in.) (psi) (psi) in shank (psi) strength
/2 x 3'/s in. (Heat F48266) — Unrestrained
WIE 4/21/99 1 0.494 0.1917 3.160 34174 49566 X
WIE 4/21/99 2 0.493 0.1909 3.161 46624 56053 X
WIE 4/21/99 3 0.493 0.1909 3.160 37718 51600 X
Average 0.493 0.1911 3.160 39505 52406 81600 0.642
/2 x 3'/s in. (Heat F48266) — Restrained ‘
WIE 4/23/99 1A 0.494 0.1917 3.159 34174 50870 X
WIE 4/23/99 2A 0.494 0.1917 3.160 38087 55044 X
WIE 4/23/99 3A 0.494 0.1917 3.164 45913 55305 X
Average 0.494 0.1917 3.161 39392 53740 81600 0.659
/2 x 3'/s in. (Heat 792680) — Unrestrained ‘
WIE 4/21/99 1 0.496 0.1932 3.151 32088 48132 X
WIE 4/21/99 2 0.497 0.1940 3.148 36082 48196 X
WIE 4/21/99 3 0.497 0.1940 3.148 35825 46392 X
Average 0.497 0.1937 3.149 34665 47573 77660 0.613
/2 x 5°/16 in. (Heat F47841) — Unrestrained
WIE 4/21/99 1 0.494 0.1917 5.347 34696 50609 X
WIE 4/21/99 2 0.494 0.1917 5.345 34174 47479 X
WIE 4/21/99 3 0.493 0.1909 5.345 35623 51338 X
Average 0.494 0.1914 5.346 34831 49809 79080 0.630
/2 x 5%16 in. (Heat F47841) — Restrained
WIE 4/23/99 1A 0.494 0.1917 5.344 45653 54783 X
WIE 4/21/99 2A 0.494 0.1917 5.345 46957 55826 X
WIE 4/21/99 3A 0.494 0.1917 5.344 35218 55044 X
Average 0.494 0.1917 5.344 42609 55218 79080 0.698
5/s x 4%16 in. (Heat A43765) — Unrestrained
WIE 4/21/99 1 0.624 0.3058 4.237 34171 51829 X
WIE 4/21/99 2 0.625 0.3068 4.245 36669 51337 X
WIE 4/21/99 3 0.624 0.3058 4.229 30411 50194 X
Average 0.624 0.3061 4.237 33750 51120 78040 0.655

Note 1 : Tests identified with an “A” were run with side plates and the center plate, in the double shear test, having the same size drill holes. All other tests allowed the

stud bearing on the side plates to rotate unrestrained.

Note 2: 1 in. =25.4 mm; 1 1b =4.448 N; 1 psi = 6.895 kPa.
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used in these shear tests will also be
related to the measured tensile strength
properties of the stud.

Testing for Material Properties

Upon receipt of the headed stud
materials from Nelson Stud Welding,
WIE independently tested the geome-
try and physical characteristics for the
various steel heats in the project stock.
Four different stud length and diameter
configurations were received. These
headed studs were manufactured from
six different heats of steel wire.

Headed studs were tested for their
tensile and shear strength properties,
in air. The test fixture was similar to
that suggested in AWS D1.1-2000.
Double shear, guillotine tests were
also conducted on the middle third of
the stud shank to determine the steel
shear strength.

The steel plate for the test anchor-
ages was purchased as ASTM A36
steel. Strength properties and chemical
compositions of the plate steel were
taken from mill test reports.

Test Setups

Direct Tension — A universal
testing machine was adapted to test
headed studs that had been welded to
a square plate. The plate thickness was
/2 in. (12.7 mm) in all cases. Both !/2
and */sin. (12.7 and 15.9 mm) diameter
studs were evaluated. The photographs
in Figs.-4(a) and 4(b) show the overall
test setup and a close-up view for the
welded, headed stud in the test fixture.

A load-deformation plot was made
for each test. Deformation was mea-
sured between the cross-heads of the
testing machine and, therefore, repre-
sents an overall behavior and not the
actual stud shank strain.

Double Shear — Two different
types of double shear, guillotine tests
were conducted. The test setup, shown
in Fig. 5, was essentially the same for
both test types. A three-plate fixture
was used similar to the typical push-
off test specimen discussed earlier.
The side plates contained either a slot
or oversized hole. The interior plate
reacted against the test machine head
and was guided between the exterior
plates, bearing on the stud. The fixture
placed the studs in double shear.

September-October 2000

T Haided $oud Shear Teals |
St Daa 2=

Wil LLERTS

1 (ki)

e = e}
[CTR LTt I T K

treficctian (as]

The majority of tests allowed unre-
strained rotation to occur in the stud
shank as it was bearing against the two
side plates. Some additional tests were
conducted by drilling a hole slightly
larger than the stud diameter through
the side plate and thereby restraining
the stud rotation.

Test Results

Tension — Tension test results and
geometric properties for the various
steel heats are listed in Table 4. Tests
conducted in-house by Nelson Stud
Welding are also incorporated into the
table. The tensile test results typically
accompanied the mill certificates for
each steel heat.

Each tested stud exhibited a round-
house load-deformation curve, requir-
ing the 0.2-percent offset method to
determine its yield strength. The stud
yield strength was approximately 80
percent of the tensile strength.

All studs failed in a ductile man-
ner forming a cup and cone fracture
surface in the neck-down region, as
shown in Fig. 6. The fracture was also
consistently away from the weld. The
reduction of area was approximately
60 percent for all tests.

Shear — Double shear test results
are listed in Table 5. Two of the series
were tested restrained and the remain-
der were unrestrained. The restrained
tests, similar to the condition that may

1r1.|'-u__,l_' —
WERT o SR

Fig. 7.
Shear failure of headed stud
loaded in double shear.

———

ik e

exist when the stud is embedded in
concrete, had a slightly higher shear
strength. The shear stress at the pro-
portional limit is approximately 70
percent of the measured shear strength.
A typical failure of the stud in double
shear is shown in Fig. 7.

Plate Material Properties — Mill
test reports showed that the flat bar
stock used for the anchorage plates
had an average yield stress of 47.6 ksi
(328 MPa), an ultimate tensile strength
of 70.1 ksi (483 MPa), and an elonga-
tion in 2 in. (51 mm) of 34.0 percent.
Chemical analyses of the three steel
heats used for the plates show an av-
erage carbon equivalent (CE) of 0.35
with a range of 0.33 to 0.37. The me-
chanical properties of the plate are
on average less than those of the stud
steel. The plate steel can be considered
as very weldable for this test program.

Summary

Tables 4 and 5 summarize the mea-
sured tension and shear strength basic
material properties. The tensile and
yield strengths of each of these steel
heats exceed the AWS D1.1-2000 re-
quirements of 65 and 51 ksi (450 and
350 MPa), respectively. From these
tension and shear tests, it would be
expected that the shear strength of the
headed stud embedded in concrete
would be about 65 percent of the ten-
sile strength, as shown in Table 5.
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The average shear strength to ten-
sile strength ratio for rivets, a similar
fastening material to studs, has been
reported to be about 0.75. This rivet
shear to tensile strength ratio was seen
to vary from 0.67 to 0.83 for the rivet
tests. However, the data were indepen-
dent of whether the rivet was driven or
undriven, or on the grade of the rivet

material. '® The PCI Design Handbook
reduces the design shear strength of
headed studs by 10 percent presum-
ably to account for the in-air shear
strength to tension strength ratio being
less than 1.0.

Earlier reported push-off test results
indicate a shear strength behavior that
is better than what these material test

results imply.

SLABTESTS

The majority of the shear tests in
this test program were conducted with
the anchors embedded in a concrete
slab. A slab specimen is more rep-
resentative of the conditions used in
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Fig. 8. Plan view of shear test setup.
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precast construction than the push-off
specimen.

Test Specimens

Two concrete slab sizes were se-
lected for the investigation. The larger
slab was a 4-x 10-ft (1.22 x 3.04 m)
slab with a 16 in. (406 mm) thickness.
Four of these slabs were fabricated
because of their efficiency in locating
edge shear tests. The large interior
areas of these slabs were used for “in-
the-field” tests, while the perimeter
edges accommodated numerous test
specimens with small edge distances.
These large test slabs permitted many
tests to be conducted without physi-
cally moving the specimen; only the
loading apparatus needed to be repo-
sitioned.

Twenty-seven, 5 ft (1.52 m) square
slabs were also fabricated in the test
program. The slab thickness was either
6 or 16 in. (152 or 406 mm), consti-
tuting the variable range for the slab
thickness effects. Because most in-the-
field tests were contained in the larger
slabs, this smaller square specimen
proved efficient for laying out edge

effect tests where spacing between
the test samples needed to be large to
avoid overlapping concrete breakout
zones. The test anchorage locations
were established to minimize the slab
setup and handling during the tests.

Three additional 4 ft (1.22 m) square
slabs, 16 in. (406 mm) thick, were cast
during the course of the experimental
work. These slabs were used to test
conditions that were damaged by ad-
jacent tests in earlier slabs or where
repeated tests were needed.

All anchorage plates were '/2 in.
(12.7 mm) thick, Grade A36 (248
MPa) steel plate, having good weld-
ability characteristics. Eight separate
plate sizes, in plan, were used in the
test program to accommodate the 14
different headed stud configurations.

Concrete selected for the test speci-
mens was a commercially available
5000 psi (34.5-MPa), normal weight
concrete mix containing ¥4 in. (19.1
mm) limestone coarse aggregate. All
slabs were cast with the stud anchor-
age specimens in the bottom of the
form to avoid conditions related to the
so-called “top bar effect.” This pro-
cedure was also used to ensure good

concrete consolidation around the in-
dividual headed studs.

Reinforcement was only used in the
6 in. (152 mm) thick specimens for
handling purposes. In these slabs, the
reinforcement was placed so as not
to interfere with the stud anchorage
plates or provide confinement to the
anchorage.

Testing

All slabs were tested flat (horizon-
tal) on the laboratory test floor. Fig.
8 shows an overall plan view of the
shear test specimen setup for a 5 ft
(1.52 m) square slab test. Fig. 9 shows
a cross-sectional view through the load
application framework. Two triangular
frames, of the shape shown in Fig. 9,
were used to produce the shear force
reaction. The frames were located 8 ft
(2.45 m) apart and anchored to the labo-
ratory strong floor.

A rectangular tube section, located
between the test specimen and the tri-
angular reaction frame, was used as a
horizontal reaction beam for struts bearing
against the bottom of the slab. A double
channel spreader beam was elevated to the
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Fig. 9. Cross-sectional view of shear test setup.
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proper height to react against the triangular
test frame columns. A gap between the
double channels accommodated a high
strength, threaded rod, which was posi-
tioned through a center-hole ram and load
cell.

At the concrete slab, the threaded load-
ing rod was attached to a pinned clevis,
which in turn was bolted to a channel
shaped pulling device. As shown in Fig.
10, the channel shape had a shoe plate
welded to the web (bottom), which re-
acted on the backside of the stud anchor-
age plate. This loading scheme was used
in order to eliminate almost all eccentric-
ity from the shear tests. Theoretically, the
actual eccentricity was one-half the plate
thickness or '/4-in. (6.4-mm).

A threaded stud was used to “tie down”
the channel and prevent it from “kicking
up” while loading in the horizontal direc-

tion, as shown on Fig. 10. This threaded
rod was stud welded to the exposed face
of the plate prior to testing. During the
test, the threaded stud was positioned in
an oversized, slotted hole in the channel.
To further ensure no shear resistance was
provided at the threaded stud tie down,
a teflon-coated plate washer was used
below a finger-tightened nut.

All tests were instrumented with a load
cell and two linear variable displacement
transformers (LVDTs). The LVDTs mea-
sured the total movement of the plate
parallel to the applied load. Digital data
were collected through a data acquisition
system linked to a personal computer. A
peak-reading strain indicator, a voltme-
ter, and an analog x-y plotter were used
to obtain real-time test data. Load was
applied continuously with a center-hole
hydraulic ram loading a 150 ksi (1034

MPa) threaded rod.

Following each test, the failure surface
was documented with photographs and
pertinent geometry was measured in the
case of concrete breakout failures.

TESTS LOADING AWAY FROM A
FREE EDGE (de4)

Shear load on anchorages directed
away from a free edge is not commonly
encountered in precast construction.
However, special situations or framing
conditions may dictate use of this type
of connection. Pilot tests* conducted at
the University of Wisconsin-Milwaukee
(UWM), serving as a precursor for the
present study, showed a potential con-
crete breakout/pryout failure mode as-
sociated with this edge condition con-
nection. However, an eccentric shear

N
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Fig. 10. Details of shoe for loading the embedded plate assembly.
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loading, brought on by the testing setup,
may have induced the concrete break-
out observed in the pilot study. Conse-

quently, a few test series were planned
in this program to evaluate the back edge

distance, de4.

In this study, 23 tests were conducted
with the shear force applied away from

the back free edge. This can be seen in

Fig. 1, which shows the shear force di-
rection and the definition of the de4 back

were evaluated; two series had single
studs and the third series had two headed

edge distance. Three separate test series
studs oriented in one y-row.

The two series of single stud anchor-
ages examined both !/2 and ¥/sin. (12.7

and 15.9 mm) diameter studs. The two
stud anchorage groups used !/2in. (12.7

mm) diameter studs, spaced 2!/s in. (57.2

mm) or 4.5d apart. All three series were
tested in 16 in. (406 mm) thick speci-
mens. The test series identifications for

the de4 tests are shown in Table 6. As

shown in Table 6, heﬂd ratios for these

tests were 5.3 and 5.93.

For the /2 in. diameter single stud

connection (identified as Series V140

Test Behavior

), five de4 edge distances were evalu-

ated with two tests performed per edge
distance. The five edge distances were

nominally 4d, 6d, 8d, 10d, and 12d.

stud failure, and two failed in the weld

Eight of these tests failed due to steel
to the plate. After failure in all cases,

only minor concrete damage was ob-

served. Crushing of the concrete in
front of the stud was accompanied by

hairline, transverse cracks (cracks per-
pendicular to the applied shear load)
propagating 2 to 4 in. (51 to 102 mm)

either side from the stud center.

"AJeWIWINS 153} (9p) 2oUe)SIp 93pa yoeg "9 d|qeL

Seven tests were conducted (iden-

tified as Series V141_) using /s in.

(15.9 mm) diameter studs. Edge dis-

tances evaluated were 4d, 8d, and 12d.
Three tests were conducted at the clos-

est edge distance of 4d or 2!/2 in. (63.5
mm). All tests at the three edge dis-
tances failed in a steel shear mode,

with no weld failures occurring in this

series. Fig. 11 shows a representative
test specimen, Test V1411B, follow-

results, it was apparent that the back
factor that causes concrete breakout of

ing stud failure. Based on these test
edge distance, de4, variable is not a
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Failure
- Load (kips) : 2

Fig. 11. Steel shear failure of /s in. (16 mm) diameter stud with
a back edge distance (de4) of 4d.

single stud anchorages.

The two stud anchorage series
(identified as Series V240_) used /2
in. (12.7 mm) diameter studs at nomi-
nal edge distances of 4d, 84, and 124.
Six total tests were conducted in this
series. Two of the tests exhibited weld
failures in one or both of the studs,
while the other four tests failed by the
stud shearing through both of the stud
shanks.

Following failure, it was found that
at these anchorage locations, only lo-
calized damage occurred to the con-
crete in the form of concrete crushing.
Transverse splitting cracks were found
to propagate from the studs but were
arrested in a short distance. No con-
crete cracking propagated longitudi-
nally to the back free edge, even after
isopropyl alcohol was used to visually
aid in tracking cracks.

Fig. 12 shows a typical steel stud
failure for the two-stud anchorage
loaded away from the back free edge.
It is important to note that there was no
supplementary reinforcement around
or near any of these anchorages.

Table 6, Column 17, presents the
failure loads for all of these tests. Be-
cause steel failure dominated the fail-
ure mode, the test loads are evaluated
based on a steel capacity predicted
using 1.0 A,F,,. Column 19 lists the
predicted steel capacity and Column
20 shows the test-to-predicted ratio for
the tests.

The test-to-predicted capacities
for a majority of the stud failures are
generally above 1.0. Tests V1411A,
V1411B, and V2401B, which were
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Fig. 12. Local concrete crushing and steel shear failure of
/2 in. (12.7 mm) diameter studs with back edge distance (de4)
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Fig. 13. Load-deformation behavior for steel failure.
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Table 8. Steel failure test results.

@ 2) 3) @ (5) (6) 7 8) ) (10)
Test Number of Stud Tensile Steel Failure Test/ Test/

Test type studs diameter stress capacity load predict predict Failure
number (edge) (n) d (in.) F,, (ksi) (kips) (kips) (actual) (design) type
V1102B del 1 0.494 81.6 15.6 16.1 1.03 1.29 Stud
VI1103A del 1 0.494 81.6 15.6 16.1 1.03 1.29 Stud
V1103B del 1 0.494 81.6 15.6 14.3 0.91 1.15 Stud
V1111B del 1 0.624 78.0 23.9 22.6 0.95 1.14 Stud
VI1112A del 1 0.624 78.0 23.9 25.6 1.07 1.29 Stud
V1112B del 1 0.624 78.0 23.9 24.5 1.03 1.23 Stud
VI1113A del 1 0.624 78.0 23.9 22.8 0.96 1.15 Stud
V1113B del 1 0.624 78.0 23.9 25.1 1.05 1.26 Stud
VI1122A del 1 0.495 79.1 15.2 14.3 0.94 1.14 Stud
V1122B del 1 0.495 79.1 15.2 14.5 0.95 1.16 Stud
VI1152A del 1 0.494 81.6 15.6 15.0 0.96 1.20 Stud
V1152B del 1 0.494 81.6 15.6 15.8 1.01 1.27 Stud
V1153B del 1 0.494 81.6 15.6 18.2 1.16 1.46 Stud
VI1163A del 1 0.624 78.0 23.9 25.0 1.05 1.26 Stud
V2102A del 2 0.496 77.7 30.0 28.1 0.94 1.12 Stud
V2103A del 2 0.496 71.7 30.0 30.4 1.01 1.21 Stud
V2I111A del 2 0.496 77.7 30.0 30.1 1.00 1.20 Stud
V2111B del 2 0.496 77.7 30.0 27.7 0.92 1.10 Stud
V2124A del 2 0.496 81.6 31.5 27.5 0.87 1.09 Stud
V2124B del 2 0.496 81.6 31.5 27.6 0.88 1.10 Stud
V2161A del 2 0.496 77.7 30.0 30.4 1.01 1.21 Stud
V2161B del 2 0.496 71.7 30.0 28.5 0.95 1.13 Stud
V2174A del 2 0.496 77.7 30.0 29.9 1.00 1.19 Stud
V2174B del 2 0.496 77.7 30.0 28.4 0.95 1.13 Stud
V3174A del 3 0.496 71.7 45.0 38.1 0.85 1.01 Stud
V1303A de3 1 0.494 81.6 15.6 17.0 1.09 1.36 Stud
VI1303A de3 1 0.494 81.6 15.6 17.5 1.12 1.40 Stud
VI313A de3 1 0.624 78.0 23.9 25.3 1.06 1.27 Stud
V1314A de3 1 0.624 78.0 23.9 24.9 1.04 1.25 Stud
V1323B de3 1 0.495 79.1 15.2 16.3 1.07 1.30 Stud
V1323C de3 1 0.495 79.1 15.2 16.7 1.10 1.34 Stud
V2324A de3 2 0.496 71.7 30.0 28.3 0.94 1.13 Stud
V2324B de3 2 0.496 77.7 30.0 29.0 0.97 1.15 Stud
V2334A de3 2 0.496 81.6 31.5 28.3 0.90 1.13 Stud
V2334B de3 2 0.496 81.6 31.5 30.7 0.97 1.22 Stud
V2335A de3 2 0.496 816 315 2877 0.91 14 Stud
VI401A de4 1 0.494 81.6 15.6 15.8 1.01 1.27 Stud
V1402A de4 1 0.494 81.6 15.6 16.5 1.05 1.32 Stud
V1402B de4 1 0.494 81.6 15.6 15.8 1.01 1.27 Stud
VI1403A de4 1 0.494 81.6 15.6 17.6 1.13 1.41 Stud
V1404A de4 1 0.494 81.6 15.6 17.1 1.09 1.37 Stud
V1404B de4 1 0.494 81.6 15.6 17.5 1.12 1.40 Stud
VI1405A de4 1 0.494 81.6 15.6 17.4 1.11 1.40 Stud
V1405B de4 1 0.494 81.6 15.6 18.1 1.16 1.45 Stud
V1411A de4 1 0.624 78.0 23.9 22.8 0.96 1.15 Stud
V1411B de4 1 0.624 78.0 23.9 21.8 0.91 1.10 Stud
Vi411C de4 1 0.624 78.0 23.9 24.2 1.01 1.22 Stud
V1412A de4 1 0.624 78.0 23.9 26.8 1.12 1.35 Stud
V1412B de4 1 0.624 78.0 23.9 25.5 1.07 1.28 Stud
VI1413A de4 1 0.624 78.0 23.9 23.9 1.00 1.20 Stud
V1413B de4 1 0.624 78.0 23.9 24.1 1.01 1.21 Stud
V2401B de4 2 0.496 77.7 30.0 27.0 0.90 1.07 Stud
V2402A de4 2 0.496 77.7 30.0 30.9 1.03 1.23 Stud

Note: Column 6: V= A(F,, (steel capacity); Column 8: F,, = actual from Column 5; Column 9: F,,, = 65 ksi (minimum design from Table 3); Column 10: stud = ductile failure of

the steel stud; W-stud = stud weld failure; note: 1 in. = 25.4 mm; 1 kip = 4.448 kN; 1 ksi = 6.895 MPa.
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Table 8. (cont.). Steel failure test results.

@ 2 3 ) %) (6) @) ®) ) 10
Test Number of Stud Tensile Steel Failure Test/ Test/

Test type studs diameter stress capacity load predict predict Failure
number (edge) (n) d (in.) F,, (ksi) (kips) (kips) (actual) (design) type
V2F01A Field 2 0.496 71.7 30.0 29.4 0.98 1.17 Stud
V2F01B Field 2 0.496 71.7 30.0 314 1.05 1.25 Stud
V2FI11A Field 2 0.496 71.7 30.0 29.1 0.97 1.16 Stud
V2F11B Field 2 0.496 71.7 30.0 29.1 0.97 1.16 Stud
V2F12A Field 2 0.495 79.1 30.4 29.1 0.96 1.16 Stud
V2F21A Field 2 0.496 77.7 30.0 30.9 1.03 1.23 Stud
V2F21B Field 2 0.496 71.7 30.0 29.0 0.97 1.15 Stud
V2F22A Field 2 0.495 79.1 30.4 32.0 1.05 1.28 Stud
V2F22B Field 2 0.495 79.1 30.4 30.6 1.01 1.22 Stud
V2F31A Field 2 0.496 71.7 30.0 30.6 1.02 1.22 Stud
V2F31B Field 2 0.496 71.7 30.0 27.6 0.92 1.10 Stud
V2F32A Field 2 0.495 79.1 30.4 30.5 1.00 1.22 Stud
V2F32B Field 2 0.495 79.1 30.4 30.0 0.99 1.20 Stud
V4F01A Field 4 0.496 71.7 60.1 54.7 0.91 1.09 Stud
V4F01B Field 4 0.496 77.7 60.1 58.7 0.98 1.17 Stud
V4F02C Field 4 0.495 79.1 60.9 58.3 0.96 1.17 Stud
V4F02D Field 4 0.495 79.1 60.9 54.6 0.90 1.09 Stud
VA4FI11A Field 4 0.496 71.7 60.1 55.0 0.92 1.09 Stud
V4F11B Field 4 0.496 717.7 60.1 60.4 1.01 1.20 Stud
V4F12A Field 4 0.495 79.1 60.9 60.1 0.99 1.20 Stud
V4F12B Field 4 0.495 79.1 60.9 57.8 0.95 1.16 Stud
PO12-10 Push-Off 6 0.494 82.4 94.7 84.7 0.89 1.13 Stud
PO12-7 Push-Off 6 0.494 82.4 94.7 84.1 0.89 1.13 Stud
PO12-8 Push-Off 6 0.494 82.4 94.7 86.5 0.91 1.16 Stud
PO12-9 Push-Off 6 0.494 82.4 94.7 96.6 1.02 1.29 Stud
VI1101A del 1 0.494 81.6 15.6 10.8 0.69 0.87 W-Stud
V1102A del 1 0.494 81.6 15.6 12.2 0.78 0.98 W-Stud
V1121A del 1 0.495 79.1 15.2 10.1 0.66 0.81 W-Stud
V1153A del 1 0.494 81.6 15.6 14.0 0.90 1.12 W-Stud
V2102B del 2 0.496 71.7 30.0 28.3 0.94 1.13 W-Stud
V3173A del 3 0.496 71.7 45.0 27.4 0.61 0.73 W-Stud
V2325A de3 2 0.496 71.7 30.0 22.8 0.76 091 W-Stud
V2325B de3 2 0.496 71.7 30.0 24.0 0.80 0.96 W-Stud
V2335B de3 2 0.496 81.6 31.5 27.4 0.87 1.09 W-Stud
V2375B de3 2 0.496 81.6 31.5 18.6 0.59 0.74 W-Stud
V1401B de4 1 0.494 81.6 15.6 16.2 1.04 1.30 W-Stud
V1403B de4 1 0.494 81.6 15.6 14.5 0.93 1.16 W-Stud
V2401A de4 2 0.496 71.7 30.0 26.2 0.87 1.04 W-Stud
V2403B de4 2 0.496 71.7 30.0 29.7 0.99 1.18 W-Stud
V2F02A Field 2 0.495 79.1 30.4 30.0 0.99 1.20 W-Stud
V2F02B Field 2 0.495 79.1 30.4 26.5 0.87 1.06 W-Stud

Note: Column 6: V; = A;F,, (steel capacity); Column 8: F,, = actual from Column 5; Column 9: F,; = 65 ksi (minimum design from Table 3); Column 10: stud = ductile failure of
the steel stud; W-stud = stud weld failure; note: 1 in. = 25.4 mm; 1 kip = 4.448 kN; 1 ksi = 6.895 MPa.

categorized as stud shear failures, ex-
hibited lower test-to-predicted capaci-
ties of 0.90 to 0.96. A review of the
photograph for Test V2401B showed a
potential weldment problem in one of
the two studs. In assessing the weld-
ment after failure, it did not exhibit
significant enough porosity (air voids)
to classify it as a weld failure.

The four weld failures encountered
in this test series also exhibited a
unique but variable behavior. Two of
the weld failures had test-to-predicted
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capacities of 0.87 and 0.93; however,
the two remaining “weld failures” had
test-to-predicted capacities approxi-
mately equal to 1.0. Evidence of po-
rosity was observed within the cir-
cumference of the weld; however, this
porosity appears to have had minimal
influence on the connection capacity
when compared to 1.0 A,F ;.

Fig. 13(a) shows two representative
load-deformation curves for the two
anchor tests. Test V2401 A was found
to exhibit a partial weld failure as

discussed above and failed in a more
brittle manner, but only after achiev-
ing about 0.1 in. (2.5 mm) of deforma-
tion. Companion Test V2401B was a
stud shearing failure. As shown in Fig.
13(a), this test showed good ductile
behavior.

TESTS-IN-THE-FIELD

Some anchorages used in precast
concrete members are located a suf-
ficiently large distance away from all
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edges that all concrete breakout capac-
ities are in excess of the capacity that
can develop by the individual studs
failing in steel shearing. This series of
testing was classified as in-the-field
tests. Six test series were planned and
tested in this program to test two- and
four-anchor connections. For these six
series, the emphasis was on evaluat-
ing if the x- and y-row spacing had an
effect on capacity and if stud embed-
ment depth had an influence.

This portion of the overall test pro-
gram had 24 total tests. Each test series
used '/2in. (12.7 mm) diameter studs.
Two tests in the series used studs with
an effective embedment depth (/) of
2.69 in. (67.7 mm). Longer studs hav-
ing an h, = 4.87 in. (124 mm) were
used for the second two tests in the
series.

All 24 tests were conducted on 16
in. (406 mm) thick test slab specimens.
Based on previous push-off testing,
discussed earlier, steel stud failure can
be achieved in relatively thin slabs. As
such, the influence of slab thickness
on the ability of an anchorage to de-
velop steel failure was viewed to have
little effect, especially with the !/2 in.
(12.7 mm) diameter studs used in this
study. The test series identifications
relevant to the in-the-field tests are
shown in Table-7.

Test Behavior

Of the 24 tests conducted in the six
in-the-field test series, three of the
anchorages failed by fracture in the
stud weld. In a multi-stud anchorage,

Fig. 14. Eﬂ:‘j{.‘-‘&‘f’ :
Shear failure of | '1 -

stud shank with |=
local crushing of | =
concrete.
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typically one of the stud welds failed.
However, the entire anchorage was
classified as a weld failure.

Weld failures were found to occur in
the two stud anchorages evaluating x-
spacing effects. Review of these weld
failures showed two of the anchorages
failing at a test-to-predicted ratio less
than 0.90. The remaining weld failure,
Test V2F02A, showed a test-to-pre-
dicted ratio of 0.99.

This test also showed good defor-
mation behavior prior to failure. More-
over, the stud weld failure surface was
marked by only minor porosity, esti-
mated to be about 10 percent of the
stud cross-sectional area. Therefore,
this test can be considered as a steel
failure, even though some weld failure
tendencies were observed. Fig. 13(b)
shows representative load-deformation
curves of two tests that sheared the
stud shank.

The test-to-predicted steel stud
shear capacities, in Table 7, ranged
from 0.90 to 1.05 for the six series
of tests examined in the in-the-field
testing. When the long stud results are
compared with the short stud results
for all series, there is no discernable
increase or decrease in the ultimate
steel shear capacity due to stud length.

With respect to stud spacing in the
two-stud connection, the test-to-pre-
dicted capacity ratios are within 4 to
5 percent of each other, within the
expected scatter for the stud strength
data (discussed in the following sec-
tion). The data in Table 7 show the
variation of the capacity with x- and
y-spacing as the variable. Because of

the limited amount of data, the authors
believe that these results reflect the
normal scatter in steel strength rather
than an influence of spacing.

For the four-stud connection, the av-
erage test-to-predicted capacity of the
connection having a larger y-spacing
(y = 7.0d) is greater than those with a
smaller y-spacing of 4.5d. The capac-
ity ratio for the two series are within 3
percent, which is again considered to
be within the scatter of the strength of
the stud material.

In summary, it appears that x- or y-
spacings of 4.5d and 7.0d in different
combinations and loading orientations
did not have a significant effect on
the ultimate steel strength of the given
connection. Mean test-to-predicted
steel capacities ranged from 0.93 to
1.03 for the six-series.

STEEL FAILURE ANALYSIS

As discussed in the previous sec-
tions, a failure mode governed by
steel stud failure typically occurred for
back edge (de4) and in-the-field tests
performed in 16 in. (406 mm) thick
slabs. Approximately one-half of the
database from this program on steel
shear failures is based on the de4 and
in-the-field testing. Additionally, steel
failures were obtained in the side edge
(del) and front edge distance (de3)
testing.

Steel failures, in these other two test-
ing regimes, occurred when the edge
distance was large enough to transition
from concrete breakout to steel stud
shear failure. Those steel shear failures
are compiled with the other de4 and
in-the-field tests resulting in a shear
strength steel capacity database of 97
total tests, shown in Table-8.

In all cases, steel failures were typi-
cally marked by two failure modes:
a ductile, yielding-type failure of the
stud or a stud weld failure at the plate
interface. Ductile failures were accom-
panied by appreciable lateral deforma-
tion. Figs. 13(a) and 13(b) showed
representative load-deflection curves
of a ductile steel shear failure of the
stud.

These figures illustrate that post-
elastic yielding in shear exists, as evi-
denced by the flat topped portion of
the plot. After fracture, the stud failure
surface exhibited a shear yielding-type
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profile indicative of good ductile be-
havior. This is opposed to a failure
surface marked by porosity from in-
adequate weld fusion. The ductile fail-
ure surface was generally located in
the stud shank directly adjacent to the
weld flash.
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When the corresponding failure area
on the concrete slab specimen was
observed, the still embedded studs had
fracture surfaces that were elliptical-
shaped in plan with the major axis par-
allel to the load direction. The concrete
bearing surface in front of the stud was
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locally crushed, with a “powdery” ap-
pearance. Also, because of the ellipti-
cal nature of the stud failure surface
and associated lateral deformation, a
void (pocket) behind the stud was cre-
ated; this void represented the former
location of the stud when the concrete
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was cast.

An example of this classical fail-
ure mode is illustrated in Fig. 14. As
shown in this figure, transverse cracks
perpendicular to the applied shear load
propagated from the concrete crush-
ing zone. These cracks were typically
quite shallow and were representative
of the stress state in the concrete just
prior to failure.

The second steel failure type expe-
rienced was failure of the stud weld to
the plate. Varying degrees of porosity
in the weld region confined within the
shank diameter typically marked the
weld failure surface. Porosity amounts
often ranged from 25 to 75 percent of
the shank area.

For this test program, the stud fail-
ures due to welding appeared to be a
random occurrence. As an example,
WIE tested numerous multi-stud an-
chorage plate configurations. In most
instances, only one of the studs in a
multi-stud anchorage would expe-
rience a weld failure, whereas the
remaining studs appeared to have ad-
equate welds because they failed by
shearing the stud shank. On any given
multi-stud connection plate, the studs
used were exactly the same, and the
settings on the stud-welding machine
remained unchanged, confirming the
apparent randomness of the weld fail-
ure.

Failure load achieved for an anchor-

age governed by steel stud shank fail-
ure can typically be predicted using
the ultimate tensile strength of the
stud. In other words, the connection
shear strength can be calculated by
the number of studs times the stud
area multiplied by the ultimate tensile
strength of the material. Weld failures
typically occurred at steel stresses less
than the ultimate tensile strength.

All Steel Failures

WIE reviewed the steel shear fail-
ure data by first evaluating the actual
tensile strength of the stud material.
Ultimate tensile stresses were obtained
for each stud heat and stud size, as re-
ported earlier. WJE then compared the
calculated A F,, strength to the actual
test failure load in shear, as shown
in Column-8 of Table-8. Fig. 15(a)
presents a histogram of all the steel
failures, with all steel failures shown
as solid bars.

For the 97 tests representing all steel
failures (steel shank and weldment),
WIE obtained an average test-to-pre-
dicted ratio of 0.967 and a standard
deviation of 0.105 as presented in
Table 9. The variance for this sample
is 0.011 and the coefficient of varia-
tion (COV) is 10.8-percent. These sta-
tistics include weld failures in the da-
tabase. When the data are analyzed for
the 5 percent fractile value using a 90

Table 9. Steel test-to-predicted statistics using actual ultimate and design ten-

sile strengths of the studs.

All failures Stud failures only
Test Design Test Design
F,, = actual F,, (min) F,, = actual F,; (min)

Statistic value = 65 ksi value =65 ksi
Weld failures 17 17 0 0
Total tests 97 97 80 80
Average 0.97 1.18 1.00 1.21
Median 0.98 1.18 1.00 1.20
Standard deviation 0.105 0.132 0.071 0.095
Variance 0.011 0.017 0.005 0.009
COV 10.8 percent 11.2 percent 7.1 percent 7.8 percent
K factor 1.95 1.95 1.96 1.96
5 percent fractile value 0.76 0.92 0.86 1.03

Note: 1 ksi = 6.895 MPa.
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percent confidence level, one obtains
a K factor of 1.95 for the population of
97 samples.

Using the probability distribution
information, summarized by Wollmer-
shauser,* the 5-percent fractile value is
0.76. Thus, for all of the non-concrete
break-out failures, WJE data indicates
the characteristic steel capacity, using
the actual steel tensile strength, can be
predicted by the following formula:

Vsteel =0.76 A‘vFut(acrual) (33.)
where
= nominal shear strength of

a single headed stud or

group of headed studs

governed by steel
strength (Ib)

A, = effective cross-sectional
area of a stud anchor (sq
in.)

Fyt(actuany=2actual ultimate tensile
strength of headed stud
steel in tension (psi)

The above value was obtained using
the actual ultimate tensile strength
(F,,) of the headed stud steel. When
the connection capacity is predicted
using the design steel ultimate strength
value of 65 ksi (450 MPa), the test-to-
predicted ratio averages 1.18 with a
standard deviation of 0.132. The vari-
ance is 0.017 and the COV is 11.2
percent. Therefore, the design equa-
tion for all steel failures using a de-
sign minimum F,, = 65 ksi (450 MPa)
reduced for the 5-percent fractile value
becomes:

Vﬁteel(dexign) =0.92 AsFm(de.vign) (3b)

where

Visteel(designy = NOminal shear strength

of a single headed stud

or group of headed
studs governed by steel
strength (Ib)

= effective cross-sectional
area of a stud anchor

(sq in.)

Fut (designy = design minimum ten-
sile strength of headed
stud steel in tension,
per Table 3 (psi)

A histogram of test-to-predicted ra-
tios using the design ultimate steel
strength is presented in Fig. 15(b).
Given that the minimum design value
of 65 ksi (450 MPa) ranges from 16 to
20-percent lower than the actual mea-

Vsteel
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sured ultimate strength values of studs
used in this program, a right shift in
the Fig. 15(b) histogram is observed.
Moreover, only six of the tests showed
test-to-predicted ratios less than one
by this analysis.

Steel Shank Failures Only

When the weld failure data are omit-
ted from the population, the WJE da-
tabase is representative of stud steel
shear failures only. When this database
is independently reviewed, the total
test population becomes 80 with an
average test-to-predicted ratio of 0.996
as shown in Table 9. The standard de-
viation on this sample is 0.071, thus
indicating the relative tightness of the
data.

Furthermore, the variance is 0.005
and the COV is 7.1 percent. This data
set is illustrated in Fig. 15(a) as cross-
hatched bars; a right shift in these data
can be observed relative to the data
base with all steel failures. In this dis-
tribution, the data are also grouped
tighter about the mean.

Given the data base of steel stud
shank shear failure, the ¥ factor for
the 5 percent fractile analysis increases
slightly to 1.957. Given this value, the
characteristic strength prediction equa-
tion when the ultimate tensile strength
is known becomes:

Vsteel =0.86 A‘vFut(aCtual) (43’)

By examining only the stud steel
failures, the 5 percent fractile value
increases by 13 percent over Eq. (3a).
A further increase is observed when
the minimum design ultimate strength
of 65 ksi (450 MPa) is used to ana-
lyze the data. By using the design
ultimate strength, the average test-to-
predicted ratio is 1.21 with a standard
deviation of 0.095. The variance for
this analysis is 0.009 and the COV
is 7.8 percent. The 5 percent fractile
characteristic prediction equation thus
becomes:

Vsreel(design) = 10 AsFut(design) (4b)

In this case, the 5 percent fractile
coefficient actually exceeds 1.0, so 1.0
becomes the default maximum value.
From a probability standpoint, this in-
dicates with 90 percent confidence that
over 95 percent of the failure loads
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Fig. 16. Cross section of a stud shank, weld zone and anchorage plate showing

hardness results.

occur at a value represented by Eq.
(4b) above, using the minimum design
ultimate steel strength of 65 ksi (450
MPa). From the histogram shown in
Fig. 15(b), no tests had test-to-pre-
dicted ratios less than 1.0, using the
WIE data.

Steel Failure Behavior

An explanation of the apparent in-
crease in the steel shear strength when
embedded in normal weight concrete,
as compared to the shear strength re-
sults in air, can be founded in the met-
allurgy of the stud weld metal. In the
stud welding process, the shielded arc
weld melts the stud end and a shallow
weld pool is created beneath the stud.
The stud gun plunges the stud into
the molten weld metal and holds the
stud in position while the liquid metal
solidifies. Although this process oc-
curs over a very short period of time, a
heat-affected zone (HAZ) is created in
the weldment.

The American Welding Society

defines the HAZ as that portion of
the base metal where the mechanical
properties or microstructure have been
influenced by the heat of welding. The
heat developed tends to heat-treat or
temper the steel such that locally the
steel’s strength and hardness will in-
crease. This transformation harden-
ing process is dependent on the initial
material temperature after arcing, the
rate of cooling, and the final (ambient)
temperature.®

Fig. 16 shows a cross section of a
stud weld from this PCI research pro-
gram. The anchorage, which in this
case failed by a concrete breakout
mode, was submitted to Nelson Stud
Welding for metallurgical work.* The
numbers on the cross section are lo-
cations where Rockwell B Hardness
tests were performed on the weld and
base metal cross section; the locations
are shown in scale. The Rockwell B
Hardness values were then approxi-
mately related back to ultimate tensile
strength of the respective material .’
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As shown in Table 10, the approxi-
mate tensile strengths are greater in
the HAZ and immediate surround-
ing vicinity. Although a conversion
of hardness to tensile strength is an
approximation, the purpose herein is
to show the relative steel strength in-
crease in the weld area.

In relating Fig. 16 to the steel shear
failures encountered in this study, the
stud typically sheared off above the
weld flash region in the parent stud
material. Hardness locations 2, 9, and
14 in Fig. 16 exhibit converted ten-
sile strengths of 96, 84, and 97.6 ksi
(662, 579, and 673-MPa), respectively.
Earlier tensile testing of this partic-
ular stud heat presented in Table 4,
revealed an average ultimate tensile
strength (F,;) of 78 ksi (538 MPa).
Therefore, on a relative basis, the in-

Table 10. Rockwell B Hardness
and equivalent tensile strengths of
the stud weld area (see Fig. 16).

Hardness Tensile

test Rockwell B strength
location hardness (ksi)
1 90.1 88.0
2 93.5 96.0
3 91.8 92.0
4 95.1 102.0
5 101.5 122.0
6 99.2 115.0
7 89.9 87.5
8 85.0 79.0
9 87.5 84.0
10 102.5 125.0
11 106.5 143.0
12 92.3 91.4
13 82.5 75.0
14 93.8 97.6
15 102.1 123.5
16 99.8 115.6
17 87.9 86.6
18 81.6 74.4

Note: 1 ksi = 6.895 MPa.
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dicated tensile strength in the area of
the weld is between 10 to 20 ksi (60 to
138-MPa) higher.

The increase in steel strength at the
weld seems to be the most plausible
cause for the greater than expected
steel shear strength results compared
to those measured in air. Double shear
tests of the studs conducted in the
main shaft body showed good correla-
tion with a typical reduced shear yield
value.

DISCUSSION OF
PROPOSED ACI CODE
REQUIREMENTS

Discussed below are steel failure ca-
pacity, pryout capacity, and lightweight
concrete effect.

Steel Failure Capacity

The purpose of presenting both the
combined steel and weld shear failures
and the stud-only shear failures intro-
duces an important issue that must be
considered in the design equations. Of
the equations presented above, only
the second set of equations [Egs. (4a)
and (4b)] represent the characteris-
tic value of the connection in normal
weight concrete if it is to fail due to
steel shear. Eq. (4a) represents the ulti-
mate load for a ductile steel shank fail-
ure with actual tensile strength being
used, whereas Eq. (4b) uses the mini-
mum design ultimate strength of 65
ksi (450-MPa).

For design, the equations presented
above would typically be reduced by a
strength reduction or phi (¢) factor. Ar-
guably, the phi, or material reduction
factor, should incorporate the prob-
ability that failure could occur due to a
weld failure. If a value of ¢ is assumed
to be 0.75, as proposed in Appendix D
of the Code,* all tests would have fail-
ure stresses above the ultimate design
stress. Additional safety factors are
then built in by using a strength design
criterion.

Another consideration involves the
ultimate tensile strength. In this study,
the value of F,, ranged from 78 to 83
ksi (538 to 572 MPa) depending on
stud heat and size. The current AWS
standards®! call for a minimum design
tensile strength of 65 ksi (450 MPa).
Ultimate tensile strengths of studs

used in this study were about 20 to 25
percent greater than that used for de-
sign. Eq. (4b) is reflective of the data
analysis using the minimum design
ultimate strength.

Both Egs. (4a) and (4b) above rep-
resent the calculation of a connection
steel shear capacity, which is greater
than the initial proposals for the new
ACI 318-2002 Building Code provi-
sions. The initial approach to steel
failure was to lump embedded bolts
with headed studs. The proposed ACI
provisions provided the following two
equations for computing the capacity
of an anchorage group governed by
steel failure:

A. For a fastener material with a
well-defined yield point:

Vx = nA.vef;z

B. For cast-in fasteners without a
well defined yield point:

V,=n0.6A,.f,

These initial ACI proposed provi-
sions set the capacity to the steel yield
strength if the material has a well de-
fined yield. If the embedded bolt or
stud material does not have a well-
defined yield point, which is the usual
case, ACI defines a shear yield point
of 0.6f,,,.

The Appendix D design procedure
involves calculating a basic connection
capacity defined by the steel material.
The WIE study has shown the steel
capacity is governed by the-ultimate
tensile strength of the fastener mate-
rial, in this case a steel stud. Although
the loading on these connections was
almost pure shear, shear yield did not
govern the steel capacity.

Under the shear yield criterion from
the Energy of Distortion Theory by
Huber-von Mises-Hencky, the ultimate
values would be reduced to yield (F),
= 0.58F,,) or 1/+3 if shear yield gov-
erned. A reduction due to
shear yield, as implied by V, =
n0.6A,.f,;, was not observed in the be-
havior and strength capacity prediction
in tests reported here, and the reduc-
tion is not justified.

Pryout Capacity

The ACI Appendix D requirements
for pryout appear to be somewhat
cumbersome and are based only on

PCI JOURNAL



6.0

| oy ‘
' & Proposed Pry-Out Equation o Normal ?’Ve'ght Gelifeets
| o

50 5 act Appendix D Pry-Out o
& Equation |
)
3
S40 |
= @)
3
& ¢}
Qa 30 | 8
3 ©~e
8 -
H o)
o
o 20 | e g §
5 Ve, = 550n Agh (F,)°° *0
o | cp siA Te ¢
= L ” S §

1.0 L )

0.0 ! 1 :

0 1 2 3 4 5

Embedment Depth Ratio (h . /d)

Fig. 17. Comparison of the proposed pryout equation to the ACI Appendix D proposal.

the effective embedment depth, A,
As shown in this study and in previ-
ous studies, the critical parameter for
evaluating the likelihood of a concrete
pryout failure for headed studs is the
hefd ratio. The critical value proposed
by analysis of data in this study is 4.5,
which is slightly greater than a value
of 4.2 proposed by Driscoll and Slutter
almost 40-years ago. Fig. 3(a) shows
the WIJE test data added to the earlier
results for further reference.

The ACI concrete pryout capacity
load requires the calculation of the ten-
sile breakout capacity based on com-
puting the effective area of the CCD
physical model breakout surface. The
provisions in ACI Appendix D* are as
follows:

The nominal pryout strength, V.,
shall not exceed:

ch = kaNCb
where
k., = coefficient for pryout strength
ke, =1.0for hy<2.5 in.
ke, =2.0for hy>2.5 in.
V., =nominal concrete pryout

strength (Ib)
N,., = nominal concrete breakout
strength in tension of a single
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anchor (Ib)

The term N, is the concrete tensile
pull-out strength and is determined in
accordance with the ACI 318 Appen-
dix D requirements.

When the normal weight concrete
push-off data with one y-row and A,/
d < 4.5 are evaluated with the above
procedure, the ACI predicted results
can be overly conservative for headed
studs, as depicted in Fig. 17. The inher-
ent conservatism of the ACI equation
occurs when the k., factor becomes
1.0, among other factors. Better pre-
dicted capacities were calculated with
Eq. (2) for tests where pryout is a po-
tential, as was shown in Fig. 3(b).

It must be recognized that Eq.-(2)
was formulated based on data that
represented some pryout results. Re-
gardless, considering that this push-
off database seems to represent the
best information for short, stocky
studs available at this time, the above
Appendix D pryout equation is not
recommended for use with headed
stud anchor connections under those
circumstances.

Because pryout failures will only
govern in those (rare) instances when
short, stocky studs are used (/./d <
4.5), a simple equation is viewed to

be desirable. For computational ease,
Egs. (1) or (2) have been shown to be
good prediction equations. Direct con-
version of Eq. (1) yields a constant of
977 for Eq. (2), but the constant was
reduced to 800 for a lower bound solu-
tion. However, neither equation rep-
resents a characteristic capacity based
on a 5-percent fractile value using a 90
percent confidence level. By review-
ing the push-off database for stocky
stud (h,/d < 4.5) tests, the proposed
characteristic capacity equation for
headed stud pryout is:

V,, =550nAALf0  (5)
where
V., = nominal shear strength (1b)
n = number of anchors in a con-

nection group
A, = effective cross-sectional area
of a stud anchor (sq in.)
= specified compressive strength
of concrete (psi)
A = concrete unit weight factor
Predicted capacities based on pro-
posed Eq. (5) are plotted in Fig. 17
as solid diamond shapes. Test-to-pre-
dicted ratios exceed 1.0 for the em-

fe
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bedment depth ratios (h,./d) from 2.0
to 4.0. Moreover, proposed Eq. (5) is
shown as a better predictor of pryout
capacity because the data points are
tightly grouped with less scatter. The
ACI equation, data points plotted as
open circles, generally tracks above Eq.
(5) predictions and has more scatter.

Lightweight Concrete Effect

Egs. (1) and (2) have been shown to
provide a good lower bound limit on
stud strength in lightweight concrete,
regardless of embedment depth. The
steel shear failure equation in ACI 318
Appendix D does not acknowledge
lightweight concrete as a variable and
that a stud may not develop its full
ultimate tensile strength in lightweight
concrete.

When Eq. (2) is evaluated using the
lightweight aggregate concrete test
data from the push-off tests, Eq. (5)
again is a better predictor equation
for the characteristic value of capac-
ity. The proposed Eq.-(5) is appli-
cable for all stud embedment depths.
Eq. (5) incorporates a concrete unit
weight factor, A, which accounts for
the lightweight concrete effect.

Eq. (5) is thus proposed as the pre-
diction equation for V., and V, when
a headed stud connection is embed-
ded in lightweight concrete away from
all edge influences for all embedment
depths. The upper limit on V,,, will be
Vi=1.0AF,,.

Further research into steel capac-
ity in lightweight aggregate concrete
may modify this capacity. Therefore,
Eq. (5) is proposed to serve a two-fold
capacity: determination of maximum
stud capacity for anchorages located in
lightweight concrete and avoidance of
pryout failure in normal weight con-
crete for headed studs with h,/d < 4.5.

CONCLUSIONS
AND DESIGN
RECOMMENDATIONS
Given the results of the work re-
ported herein, the following conclu-

sions and design recommendations are
presented:

Away from a Free Edge (de4)
1. For both the '/2 and /s in. (12.7 and
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15.9 mm) diameter studs used in
this study, steel stud failure was
achieved at the minimum back edge
distance of 4d. Closer back edge
distances are not practical, consider-
ing clear cover requirements.

2.The WIE shear test load application
produced a minimal amount of ec-
centricity on the connection, such
that the anchorage was loaded in
practically a “pure shear” condition.
Small eccentricities on such an an-
chorage, as reported in the literature,
may be sufficient enough to alter the
behavior and failure mode due to the
shear-tension interaction.

In-the-Field

1. When an anchorage is placed suf-
ficiently away from all edges to
negate all edge influences, termed
in-the-field of the member, the
connection will achieve a capacity
based on all headed studs failing in
a steel failure mode. Assuming the
weld quality is adequate, the failure
will be ductile with appreciable lat-
eral deformation.

2.For the two- and four-stud anchor-
ages tested in this program, the x-
and y-spacings of 4.5d and 7.0d in
different combinations and load ap-
plication direction had no influence
on the failure mode, that is, steel
stud shear, and did not have a sig-
nificant effect on the ultimate capac-
ity of the anchorage. From a review
of the literature, the proposed ACI
minimum x-spacing in an anchorage
of 4d seems appropriate.

3. Although the WIE tests did not ex-
hibit a reduction in anchorage ca-
pacity, large y-spacings of the studs,
as reported in the literature, can pro-
duce a shear lag effect. Shear lag
reduces the efficiency of the con-
nection failing in a stud steel mode.

Capacity Based on Steel Failure

1. For anchorages governed by steel
stud shank failure, this study shows
the ultimate shear failure load is best
predicted using the ultimate tensile
strength of the stud. Eq. (4b) is rec-
ommended as the steel prediction
equation (V) for headed studs in nor-
mal weight concrete with h,/d >4.5.

2. Steel stud failures in this study were

achieved with well-embedded studs.

It is proposed that a well-embedded

stud have a minimum effective em-

bedment-to-diameter ratio (h,/d) of

4.5, as determined by reviewing tests

in the literature. The minimum #,/d

ratio of studs used in this study was

5.30.

3. Headed studs with an &,/d less than
4.5 will precipitate a failure mode
known as pryout. This failure mode
produces an ultimate capacity less
than that predicted by 1.0 AJF,ydesign)-
Eq. (5) is proposed to predict the ca-
pacity for short, “stocky” studs having
held <4.5.

4. A review of limited test data on stud
anchorage failures in lightweight
concrete shows that the stud cannot
develop its full capacity based on 1.0
A F ;. From the information avail-
able at this time, a maximum stud ca-
pacity based on Eq.-(5) is proposed.
Eq. (5), which is a concrete predictor
equation, is appropriate because the
ultimate connection capacity in light-
weight concrete is dependent on a
combination of local concrete crush-
ing and increased stud deformation.

5. The minimum connection plate thick-
ness of one-half the stud diameter
(0.5d) presently in the PCI Hand-
book is slightly conservative for a
“pure shear” loaded connection. The
practical minimum to achieve steel
stud failure was experimentally de-
termined to be 0.37d or (*/s)d, as re-
ported in the literature. Increased
plate thickness may be required for
bending resistance or to ensure a
more uniform load distribution to the
attached studs. The plate thickness
used in this study was !/ in. (12.7
mm), thus exceeding the minimum
suggested limits.

Based on the results of this study
summarized above, concise design
recommendations for the shear capac-
ity of an anchorage failing in a steel
stud failure mode are conveniently
presented in the flowchart of Fig. 18.

Research Needs

Additional work is needed in de-
termining the ultimate capacity of a
connection located in-the-field of a
lightweight concrete member. To date,
most work on cast-in headed stud an-
chorages has been performed in nor-

PCI JOURNAL



mal weight concrete. Lightweight con-
crete is used by the precast concrete
industry in numerous applications,
many of which use connections with
large distances from member edges.
Connections with a large y-spac-
ing of studs, or an overall large out-
to-out y-spacing, located in-the-field
of a member need further study with
respect to shear-lag effects. A determi-
nation of the maximum individual or
overall y-spacing permissible to pre-
clude shear lag reduction would seem
appropriate. Moreover, an efficiency
factor for connections affected by
shear lag may be required. Guidance
for this influence can be found in re-
search for load transfer mechanisms in
long, high strength bolted connections.
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Calculate
Vs

Normal or
Lightweight
Concrete

Normal
Vs = nAsFut

" Stocky Stud "

Lightweight

V, compared
to V. (where smaller
controls)

V, = 550nAANVF,
< nAgF

\ 4

where
A, = cross-sectional area of stud (sq in.)
d = nominal stud diameter (in.)

her = effective embedment depth of stud (in.)
F = ultimate tensile strength of stud (=65 ksi)
n = number of studs in anchorage

A = 1.0 for normal weight concrete

A = 0.85 for sand lightweight concrete
A = 0.75 for all lightweight concrete

Fig. 18. Flowchart showing recommended maximum capacity of a headed stud
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APPENDIX — NOTATION

A, = effective cross-sectional area of stud anchor (sq in.)

A,, = effective cross-sectional area of stud anchor (sq in.)
(Appendix D notation)

d = shaft diameter of headed stud (in.)

del = side edge distance normal to shear load application
direction, parallel to x-axis, taken from center of
anchor shaft to the side concrete edge (in.) (see Fig. 1)

de2 = side edge distance normal to shear load application
direction, parallel to x-axis, taken from center of
anchor shaft to side concrete edge (in.) (see Fig. 1,
de2 is the side edge distance opposite del)

de3 = front edge distance parallel to shear load application
direction and y-axis taken from center of front
anchor shaft to front concrete edge (in.) (see Fig. 1)

de4 = back or rear edge distance parallel to shear load
application direction and y-axis, taken from center of
back anchor shaft to rear concrete edge (in.) (see Fig. 1)

E. =modulus of elasticity of concrete (psi)

f. =specified compressive strength of concrete (psi)

Fyacmary = actual ultimate tensile strength of headed stud
steel in tension (psi)

Fuy(design) = design minimum tensile strength of anchor steel

in tension (psi) (see Table 3)

= specified ultimate tensile strength of anchor
steel in tension (psi)

F,, = shear yield strength of anchor steel (psi)

Fut’ fut

F,,f, = specified yield strength of anchor steel in
tension (psi)

h = thickness of concrete member in which anchors are
embedded, measured parallel to anchor axis (in.) (see
Fig. 1)
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hes = effective headed stud embeddment depth taken as
length under head to concrete surface (in.) (see Fig. 1)
k., = coefficient for pryout stength (from ACI Appendix D)
L = overall length in the y-direction between outermost
anchors in conncetion = Yy (in.) (from AISC)
n  =number of anchors in connection or group
N_, =nominal concrete breakout strength in tension of
single anchor (Ib) (from ACI Appendix D)
Q =nominal stength of stud shear connector embedded
in solid concrete slab (Ib) (from AISC)
t = thickness of attachment plate (in.)
ty = flange thickness of a structural steel shape (in.)
V., = nominal concrete pryout stength (Ib) (from ACI
Appendix D
V, =nominal shear strength (Ib)
Vi.Vaeer = nominal shear stength of single headed stud or
group of headed studs governed by steel strength
x = center-to-center spacing of stud anchors in x
direction of Cartesian plane (in.) (see Fig. 1)
= eccentricity between shear plane and centroidal axis
of connected component (in.) (from AISC)
y = center-to-center spacing of stud anchors in the y
direction of Cartesian plane (in.) (see Fig. 1)
A = concrete unit weight factor
= 1.0 for normal weight concrete
= 0.85 for sand lightweight concrete
=0.75 for all lightweight concrete
K = one-sided population limit (fractile) factor for a
normal distribution
= coefficient of friction
= strength reduction factor

=l

< =
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