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A review of the concrete anchorage design provisions in Appendix D of 
ACI 318-051 reveals that there are multiple failure modes for concrete an-
chorages in shear or tension. One such failure mode is the concrete pryout 

mechanism, which usually occurs for very shallowly embedded studs or post-in-
stalled anchors. Such short anchors are typically used in sandwich wall panels, 
where the anchor is cast in one thin wythe as shown in Fig. 1.2 Current provisions 
of ACI 318 Appendix D1 treat the pryout mechanism as a pseudo-tension pullout 
failure and use the tensile pullout capacity of Eq. D-4 modifi ed by a factor kcp. This 
treatment is discussed in detail further in this paper.

A review of the literature for headed studs indicates that the pryout failure mech-
anism is more of a subset of the shear failure mode, rather than tension. The shear 
mode is better represented by the AISC equation3,4 for stud strength, derived from 

Pryout is a failure mode for headed studs that occurs when short, stocky 
studs are used in an anchorage loaded in shear away from an edge. As part 
of a PCI research program, Wiss, Janney, Elstner Associates, Inc. (WJE) 
studied a number of testing programs reported in the literature. Pushoff 
tests of headed stud connections from the 1960s and early 1970s, 
focusing on composite beam design, were reviewed to determine 
the steel capacity of headed stud anchorages away from all edge 
effects. This extensive database was further evaluated to examine the 
pryout failure mode. As a result of a careful analysis of this historic 
data, a modifi ed pryout formula rooted in a shear type failure mode 
is proposed. The database was also found to be lacking in pryout tests 
having a variable spacing parallel to the applied shear load. To further 
evaluate the effect, eight laboratory tests were conducted focusing on 
this variable. Six anchorages with four studs and two anchorages with 
six studs were tested to examine individual y-spacing and the overall 
Y-spacing projection of the anchorage. From these tests and others 
reported recently, the infl uence of y-spacing was evaluated, and a 
modifi cation factor is proposed to the basic pryout capacity equation.
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the work of Ollgaard et al.5 This equation was simplified by 
Shaikh and Yi6 and later incorporated into the third and fourth 
editions of the PCI Design Handbook.7,8

This paper provides a review of the known pryout data on 
cast-in headed studs and anchor bolts. Tests focusing on this 
sole mechanism have been performed only by Hawkins9 and 
Zhao.10 In order to expand the database, the authors reviewed 
a number of pushoff test results used in the early develop-
ment of composite beam design and tested in the 1960s and 
early 1970s.

These results greatly expand the test data available on pry-
out behavior. The authors’ review provided additional insight 
into failure behavior by pryout that should not be ignored in 
light of anchorage design failure mechanisms.

PRYOUT MECHANISM
The pryout mechanism for cast-in anchors usually occurs 

with very short, stocky studs welded to a steel plate or beam 
flange. The studs are typically so short and stiff that under a 
direct shear load, they bend primarily in single curvature. The 
ensuing deformation results in the “heel” of the stud head 
“kicking back,” which breaks out a crater of concrete behind 
the stud, as illustrated in Fig. 2.

Internal bearing pressures develop in the concrete near the 
concrete surface at the stud weld and at the stud head due 
to rotational restraint. This failure mechanism occurs away 
from all edge effects, when the anchorage is located “in-the-
field” of the member. The behavior is somewhat analogous to 
a laterally loaded pile in earth.

A longer and less stiff stud behaves differently. The longer 
and deeper embedded stud bends in double curvature and the 
deeply embedded head portion of the stud remains essential-
ly stationary or fixed in the concrete. At the junction of the 
headed stud and plate or flange, the projected stud diameter 
in front of the stud bears directly on the concrete near the sur-
face and induces a zone of concrete crushing. If the connec-
tion is close to an edge, the concrete anchorage assembly will 
likely break out a concrete section due to the edge effects. 

If the connection is located sufficiently away from the edge 
to preclude an edge breakout, the stud or studs will likely 
fail in a steel shear failure mode. As reported previously by 
Anderson and Meinheit11,12 through a review of this data, the 
shear capacity of the stud group clear of the edge effects can 
be defined by:

 Vs = n As fut (1)

where
Vs =  nominal shear strength of a single headed stud or 

group of headed studs governed by steel strength (lb)
n = number of studs or anchors in a group
As = effective cross-sectional area of a stud anchor (sq in.)
fut =  design minimum tensile strength of headed stud 

steel in tension (psi)
Currently, this equation is the same as Eq. D-17 of  

ACI 318-05 Appendix D,1 without the capacity reduction  
factor, φ. 

ACI 318-05 Appendix D Pryout Capacity

The ACI 318-05 Appendix D requirements for pryout ca-
pacity are based on the tensile concrete breakout model mod-
ified to account for shear. The ACI tensile concrete breakout 
method requires the effective embedment depth, hef , in the 
calculation of the breakout capacity. The breakout surface is 
computed using the effective area of the CCD physical break-
out model.13 

The provisions in ACI 318-05 Appendix D1 are as follows:
The nominal pryout strength, Vcp, shall not exceed:

 Vcp = n kcp Ncb (2)

where

Fig. 1. Typical connections in precast sandwich wall panels 
influenced by short stud use.2
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 kcp  = coefficient for pryout strength
 = 1.0 for hef < 2.5 in.
 = 2.0 for hef ≥ 2.5 in.
Vcp = nominal concrete pryout strength in shear (lb)
Ncb =  nominal concrete breakout strength of a single 

anchor in tension (lb)
The notation Ncb is the concrete tensile breakout strength 

and is determined in accordance with the ACI 318 Appen-
dix D requirements. The kcp term is an empirical correlation 
coefficient that relates typical tension breakout to the pryout 
capacity. The correlation coefficient is a two-stage step func-
tion, depending on the embedment depth.

LITERATURE REVIEW
Pushoff Tests

Stud welding was developed in the 1930s at the New York 
Naval Shipyard for the purpose of attaching wood planking 
over the top metal deck surface of a ship. A threaded stud could 
be placed on the exterior side of the steel deck plate by one 
worker, rather than using two workers inserting bolts through 
drilled holes. The headed stud was developed shortly thereaf-
ter, and its application to the construction industry expanded. 

The headed stud was viewed as an efficient and effective 
shear transfer device, replacing channels, angles, or fabricat-
ed spirals welded to the top flange of steel bridge beams in 
composite construction. Thus, 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 composite beam behavior (concrete slabs 
with steel beams), using both normal weight and lightweight 

Fig. 2. Plan and cross section of the pryout behavior 
mechanism in a concrete member.
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concrete. Current research on headed stud applications range 
from metal decking to composite columns. 

Early testing to evaluate composite beam behavior typical-
ly utilized a pushoff specimen to study shear transfer through 
the headed studs. The pushoff test specimen commonly used 
a wide flange beam section sandwiched between two slabs of 
concrete, modeling the deck slab of a composite beam. Head-
ed studs at a prescribed spacing were welded to both flanges 
and typically embedded into a thin concrete slab representing 
the composite bridge deck slab. 

The concrete slab was also usually reinforced to simulate 
typical conditions found in a bridge deck. As shown in Fig. 
3, the steel beam was held above both the top and bottom 
elevation of the slabs. Both the beam and two slabs were 
oriented vertically, thus conveniently fitting into a Universal 
Testing Machine.

Early composite beam research, using the pushoff speci-
men, was conducted by Viest14 at the University of Illinois; 
Driscoll and Slutter15 and Ollgaard et al.5 at Lehigh Univer-
sity, Baldwin et al,16 Baldwin,17 Buttry,18 Dallam,19,20 and oth-
ers at the University of Missouri-Columbia; Goble21 at Case 
Western Reserve University; Dhir22 and Steele23 under the 
direction of Chinn24 at the University of Colorado; Davies25 
at the University of London; and Hawkins26 at the University 
of Sydney. These early test programs produced a significant 
amount of shear data, mostly on group effect behavior of 
headed studs. 

A review of the pushoff test results was conducted as part 
of the PCI research project reported by Anderson and Mein-
heit11 because it provides good comparative data for headed 
studs loaded in pure shear. Prior to that PCI project, previous 
testing on headed stud connections as used in precast con-
crete type attachments was limited, especially when groups 
were considered. 

As noted in the paper by Anderson and Meinheit,11 the 
pushoff test specimen design has characteristics limiting its 
capability to emulate a precast concrete anchorage. The thin 
concrete slabs used in pushoff tests generally contained re-
inforcement representative of bridge deck construction. The 
reinforcement amount had no influence on the load to cause 
first cracking, but the reinforcement in the concrete slab like-
ly held the slab together to allow for additional slip displace-
ment and ductility. 

Early researchers also were particularly concerned with 
load-slip characteristics of the headed stud connection. Unre-

inforced concrete specimens, reported in the literature, often-
times produced a splitting failure in the concrete slab, a fail-
ure mode unlikely to occur in actual bridge deck construction 
because of the presence of transverse reinforcement. Work 
by Oehlers27 and Oehlers and Park,28 with a slightly modified 
single-sided, pushoff type specimen, focused on a longitu-
dinal splitting mechanism—that is, splitting parallel to the 
shear force.

Another pushoff specimen limitation exists in the way the 
specimen applies load to the embedded studs. Load being 
transferred from the steel beam through the headed studs into 
the two concrete slabs results in the best theoretical condi-
tion to place the studs in pure shear. However, the externally 
applied load causes a compression on the concrete slab ends 
where they bear on the platen of the test machine. 

This confinement condition is viewed to be analogous to a 
headed stud anchorage located in-the-field of a member; that 
is, a significant amount of concrete slab is located in front of 
the anchorage to preclude any front edge breakout influence.

The favorable concrete compression stress developed in 
front of the studs does not affect tests having one transverse 
row (or one y-row) of studs. However, when stud groups with 
multiple longitudinal rows were tested using the pushoff 
specimen, the test results became 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 spaced at large 
distances reduce the efficiency of the anchor group due to 
shear lag effects, similar to a long bolted connection.29 Exper-
imental testing reported herein by the authors was performed 
to study multiple y-rows and the shear lag influence. 

Pryout Tests

Most laboratory testing programs intent on studying an-
chorages in shear have been conducted by loading the con-
nection in shear toward a free edge and failing in a concrete 
breakout mode. Published test results on headed stud groups 
loaded in pure shear without the influence of any edge effects 
is limited to the work reported by Hawkins9 and Zhao.10

University of Washington—In the early 1980s, research 
on embedded anchor bolts loaded in shear was conducted at 
the University of Washington, as reported by Hawkins.9 This 
work studied the shear and tensile strength of single cast-in-
place anchor bolts embedded in concrete slabs. The testing 

Fig. 4. End fixity 
conditions at the 
connection plate:9 
(a) Headed stud 
weld produces a 
fixed condition; 
(b) Post-installed 
anchor in a hole 
allows rotation, 
making a pinned 
condition.

(a) (b)
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program was intended to examine capacity design formulas 
to determine the best predictor of anchor bolt capacity. Com-
parisons were made with the PCI Design Handbook, Second 
Edition,30 the AISC Steel Manual, Eighth Edition,31 and Uni-
form Building Code (UBC)32 design procedures.

Fifteen direct shear tests were conducted as part of the 
Hawkins work. Anchor bolts had mechanical properties of 
conventional A325 bolts.33 Tested bolt diameters were ¾ or 
1 in. (19 or 25 mm), and the concrete strength ranged from 
3000 to 5000 psi (20.7 to 34.5 MPa). The bolt embedment 
depths were 3, 5, or 7 in. (76, 127, or 178 mm) to the top 
of an embedded washer. Each bolt was provided with a 5⁄8 in.  
(15.9 mm) thick washer at the formed head of the bolt, which 
had a diameter of 2, 4, or 6 in. (51, 102, or 153 mm). Tests were 
conducted on these single anchor bolts embedded in 1 ft 6 in. 
(457 mm) square concrete panels, each 9 in. (229 mm) thick.

Hawkins identified two failure modes in this shear testing: 
shear-cone pullout and radial cracking failures. The shear-
cone pullout failure (pryout failure) was only observed for 
bolts with a 3 in. (76 mm) embedment depth, or an hef /d ratio 
of 4 or less. The radial cracking mode occurred with the lon-
ger embedments, and cracking appeared to be a function of 
the specimen size and test setup. 

In his data analysis, Hawkins identified the load-slip char-
acteristics of headed studs and anchor bolts as being differ-
ent, as depicted in Fig. 4. An anchor bolt connection had 
comparatively more slip than a similar diameter headed-
stud connection; this condition was attributed to the differ-
ence in the fixity of the anchor to the top plate. Because the 
stud attachment occurs through a weld, it provides a more 
rigid, or fixed, connection to the plate through which the 
anchor shear force is applied. Rotation is restricted with the 
headed-stud connection. 

Alternately, an anchor bolt provides a semi-pinned, or 
semi-fixed, connection that has a degree of “softness;” thus, 
there is a capability of an anchor bolt to rotate at the plate on 
the surface more than a headed stud welded to the plate. 

For the ¾ and 1 in. (19 and 25 mm) diameter anchor-bolt 
connectors used in the Hawkins study, it was concluded that 
the headed stud strengths were more than the anchor-bolt 
strengths for a similar embedment-to-diameter ratio (hef /d). 
At an hef /d ratio of about 4, a change in failure mode for the 
anchor bolts was observed. This ratio is similar to the hef /d 
ratio for headed studs needed to change the mode of failure 
of the anchorage loaded in shear. 

University of Stuttgart (Germany)—As part of an ex-
tensive headed-stud testing program, Zhao10 tested a number 
of single- and four-stud connections in pryout. The primary 
variable in the test series was the stud embedment depth. 
Three stud lengths were used, all yielding hef /d ratios less 
than 4.5. The three effective stud lengths, hef , were 1.97, 2.56, 
and 3.54 in. (50, 65, and 90 mm), and concrete pryout failures 
occurred with all of these stud lengths. For all tests, the stud 
diameter was held constant at a nominal 7⁄8 in. (22 mm). 

A fourth effective stud length was used in two single-stud 
tests. The stud length was 4.53 in. (115 mm) and steel failure 
occurred in both tests. The hef /d ratio for these studs was 5.23. 
In the four-stud tests, the x- and y-spacing of the studs was a 
constant 3.94 in. (100 mm), making a square anchorage pat-
tern. Only the stud lengths varied in the four-stud tests.

From the data analysis, Zhao10 postulated the concrete 
breakout failure surface to be similar to a truncated tension 
breakout shape. Consequently, the prediction equation was 
based on a tensile pullout equation. The effective breakout 
area, An, from the ACI 318 Appendix D model was not cen-
tered or concentric about the anchorage; rather, the break-
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out was shifted to a position behind the anchorage. Zhao 
proposed failure surface dimensions at the concrete surface 
based on the surface breakout angle, α, but only behind the 
anchorage. 

The Zhao study later was formulated into the ACI 318 Ap-
pendix D provisions. In the Appendix D equations, the ef-
fective area, An, in the tensile pullout equation is assumed 
to be centered about the anchorage with a 35-degree break-
out angle. As discussed previously in this paper, this design 
equation is modified by a constant (1 or 2) based on the stud 
embedment depth.

LITERATURE ANALYSIS
Keeping the limitations of the pushoff test in perspective, 

some valuable data are applicable to the present study on 
pryout. Relevant findings from these early tests regarding the 
basic influential anchorage parameters are discussed below.

Embedment Depth 

In a previous paper, Anderson and Meinheit11 studied the 
influence of the embedment depth ratio, hef /d, and its effect 
on breakout strength. Viest14 ran a series of tests with variable 
stud diameters and reasonably constant effective embedment 
depths. This early data helped identify the occurrence of the 
pryout failure mode. After studying a number of pushoff 
tests and the failure modes, the authors concluded that cast-
in headed studs with hef /d greater than or equal to about 4.5 
failed in a steel stud shearing mode in normal weight con-
crete; the shear capacity would be calculated with Eq. (1). 
This hef /d value is slightly greater than the value of 4.2 identi-
fied by Driscoll and Slutter15 and incorporated into the 1961 
AASHO Specifications.34 

Stocky studs, those defined with hef/d less than 4.5, often-
times failed in a concrete pryout failure mode in normal weight 
concrete. In lightweight concrete, the delimiting ratio for hef/d 
ranges from 5.4 to 7.4, depending on the lightweight aggre-
gate type, unit weight, and tensile strength of the concrete.
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x-Spacing Effect

Section D.8.1 of ACI 318-051 provides for a minimum 
center-to-center anchor spacing of 4d. This influence has not 
been studied extensively in the literature. The work by Viest14 
confirms that steel stud failure can occur with an x-spacing 
(s1) of 4d or greater. Closer spacings were shown to decrease 
capacity and hence the ACI minimum is a reasonable spacing 
requirement. Moreover, closer spacings with headed studs 
become impractical because of stud-gun clearances and stud 
head interferences.

Minimum Slab Thickness

Concrete pryout and steel stud failures loaded in shear in 
the pushoff specimens were achieved in relatively thin slabs. 
Pushoff data indicate that steel failures occurred in slabs 
ranging in thickness from 4 to 7 in. (102 to 178 mm). For 
the referenced tests herein, the clear cover over the stud head 
on the free surface side of the slab ranged from 1.0 to 3.1 in.  
(25 to 79 mm). 

No definitive conclusions can be garnered from the exist-
ing pushoff data regarding minimum slab thickness. Because 
the bottom plane of the breakout surface for pryout forms at 
the stud head level, it is concluded that slab thickness is not a 
variable that influences the pryout failure load, assuming that 
nominal concrete cover is maintained over the stud heads. 
This result is also consistent with the ACI tension breakout 
model, whereby thickness is not an influence on the tension 
breakout capacity.

Past Prediction Equations

Ollgaard et al.5 at Lehigh University conducted an exten-
sive study using short studs with an effective embedment 
depth, hef /d, of 3.26 and different types of lightweight and 
normal weight concrete. Both stud steel shear and a concrete 
mechanism failure were reported; in some cases, both modes 
occurred simultaneously. Results from this testing produced 
a prediction equation, independent of failure mode, basing 
individual stud strength on stud area, concrete compressive 
strength, and elastic modulus of the concrete.

Their final simplified prediction equation for the average 
strength was:

 Qu = 0.5As fc’ Ec  (3)

where
Qu =  nominal strength of a shear stud connector 

embedded in a solid concrete slab (kips)
As = effective cross-sectional area of a stud anchor (sq in.)
fc’ = specified compressive strength of concrete (ksi)
Ec = modulus of elasticity of concrete (ksi)
With the elastic modulus, Ec, Eq. (3) is applicable to both 

normal weight and lightweight concrete. Unlike earlier pre-
diction equations from the pushoff test, this equation did not 
set applicability limits on the hef /d ratio. 

Eq. (3) set the standard for pryout prediction. Post-1971 
research studies referred to, and were calibrated to, this equa-
tion. The simplicity and good prediction characteristics of 
this equation have seen its widespread use in the AISC Speci-
fications3,4 since the late 1970s. In the AISC Specifications, 
the upper bound on the stud strength is Asc Fu, where Asc is 
the cross-sectional area of a stud shear connector and Fu is 
the minimum specified tensile strength of the stud shear con-
nector.

In the mid-1980s, a simplified lower bound form of the Oll-
gaard et al. equation5 was proposed by Shaikh and Yi6 and 
adopted by PCI. This equation took the following form: 

 Vnc  = 800λ As fc’  (4)

where
Vnc  = nominal shear strength (lb)
As = effective cross-sectional area of a stud anchor (sq in.)
fc’  = specified compressive strength of concrete (psi)
λ = concrete unit weight factor
The Shaikh and Yi equation6 used λ for grouping dif-

ferent classes of lightweight aggregate concrete based 
on sand replacement. The conversion of Eq. (3) to  
Eq. (4), with its assumptions and use of λ for lightweight 
aggregate concrete, resulted in a revised average predic-
tion equation. Consequently, Shaikh and Yi selected a lower 

Table 1. Material properties for concrete.

(1) (2) (3) (4) (5) (6)

Concrete age 
(days)

Average values (6 × 12 in. cylinders)

Notes
fc’ (psi)

Static modulus  
E (× 106 psi)

Tensile strength fsp 
(psi)

η

14 5390 — — —

23 5840 4.06 485 6.3 Start testing

28 5920 4.22 — —

45 6300 4.17 581 7.3 Finish testing

Average 4.15

Notes:
Concrete compressive strength, fc’, is based on the average of three 6 × 12 in. test cylinders.
For Column (5), ft = η(fc’)0.5

Concrete unit weight, γ = 150.9 lb per cu ft.
1 in. = 25.4 mm; 1000 psi = 6.895 MPa; 1 lb per cu ft = 16.026 kg/m3.
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bound line of the data, resulting in the constant of 800.  
Eq. (4) appeared in both the third and fourth editions of the 
PCI Design Handbook7,8 as a cap on anchorage capacity, in-
dependent of embedment depth.

DERIVATION OF A REVISED SINGLE  
y-ROW EQUATION

Both the Ollgaard et al.5 and Shaikh and Yi6 equation pro-
posals incorporated the concrete compressive strength and a 
stud stiffness term through the use of the cross-sectional area, 
Ab. Through geometry, Ab indirectly incorporates the stud di-
ameter modified by the constants 0.25 and π. The database 
that these equations were based on had embedment depth ra-
tios, hef /d, of 3.25 to 4.67 for normal weight concrete tests. 
This range of embedment depth ratios represented the lower 
end of stud sizes most likely used in composite construction 
at the time (the 1980s). However, the two equations did not 
account for the stud embedment depth in this relatively nar-
row data range.

The influence of stud embedment depth is illustrated 
in Fig. 5 for the tests by Hawkins9 and later by Zhao.10   
This plot shows test-to-predicted capacity versus hef /d,  
where the predicted capacity is based on Eq. (4). Both re-
searchers used cast-in anchors with hef /d ratios at the low end 
of the available headed studs in the manufacturer’s catalog, 
providing data for hef /d ratios of 2 to 4. 

The trend of the data shown in Fig. 5 illustrates that an in-
creasing embedment depth ratio increases the pryout capac-
ity. With respect to the Eq. (4) predictor, a lower hef /d ratio 
reduces the prediction capacity, such that Eq. (4) is unconser-
vative (< 1.0).

When the Hawkins and Zhao pryout data are added to the 
database of pushoff tests, the trend and influence of embed-
ment depth is better defined and the data from the pushoff 

tests follow the same trend. Using linear multi-variable re-
gression analysis to analyze the data, the following equation 
is derived for a single stud or a single y-row line of studs:

 Vpoc = 317.9λ n fc’ (d)1.5(hef)0.5 ≤ nAse fut (5)

The concrete breakout equation for pryout is:

 Vpo = φVpocψy ≤ nAse fut (6)

and the 5 percent fractile value is thus defined:

 Vpoc = 215λ n fc’ (d)1.5(hef)0.5 (7)

where
Vpo = nominal pryout shear strength (lb)
Vpoc =  nominal pryout shear strength for one y-row of 

anchors (lb)
Ase = effective cross-sectional area of stud anchor (sq in.)
d = nominal anchor diameter (in.)
hef = effective embedment depth of cast-in anchor (in.)
fc’ = specified compressive strength of concrete (psi)
fut  =  design minimum tensile strength of headed stud 

steel in tension (psi)
n = total number of anchors in connection
λ = concrete unit weight factor per ACI 318
ψy = y-spacing factor (defined later in this paper)
Eq. (5) was derived using 65 tests from both pushoff and 

pryout testing programs. With this database, the mean is 
1.00, the standard deviation is 0.166, and the coefficient of 
variation (COV) is 16.5 percent. In accordance with Wollm-
ershauser,35 the 5 percent fractile reduction is presented as  
Eq. (7) for uncracked concrete. 

Similar to past versions of a pryout equation in PCI form, 
Eq. (7) includes the unit weight factor λ for lightweight ag-
gregate concrete. Eq. (7) was also evaluated with a database 

Fig. 7. Detail of the WJE test load application apparatus. 
Fig. 8. Overall view of the WJE test 
setup in the laboratory.
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of 78 lightweight aggregate concrete tests failing in a concrete 
mode and found to be a reasonably good predictor using λ in-
stead of the elastic modulus. The statistics for the lightweight 
aggregate concrete database of 78 tests revealed a mean of 
1.07, a standard deviation of 0.195, and a COV of 18.3 per-
cent. The statistics show an increased scatter of lightweight 
aggregate concrete test results, yet the COV is comparable to 
that of the normal weight concrete data set.

Appendix B presents the entire database table for the 225 
tests used for analysis, including the 65 normal weight and 78 
lightweight concrete tests. The database tables in Appendix B 
warrant explanatory notes with respect to lightweight aggre-
gate concrete and the noted failure mode definition. 

The lightweight concrete tests listed in Appendix B re-
ported various concrete properties in order to classify its 
lightweight category. These tests often preceded the advent 
of the ACI λ factors for lightweight concrete and, therefore, 
λ was not used. For the database presented herein, an inter-
polated λ factor was used, if possible, derived from the split 
cylinder data. 

If little information was provided on the lightweight 
concrete properties, an ACI value of 0.75 or 0.85 was 
used based on reported concrete density or information 
in the paper text. This is consistent with Sections 11.2.1.1 
and 11.2.1.2 of ACI 318-05. The λ factor thus deter-
mined was used to appropriately modify Eq. (7) or the  
ACI 318 Appendix D capacity calculations (compared fur-
ther on in this paper), even though the ACI equation does not 
consider the influence of lightweight concrete. 

It is sometimes difficult to consistently interpret the failure 
behavior characteristics among the various research studies. 
For the present review, the definition of a steel or weld fail-
ure became subject to closer review and examination. For the 
pushoff tests, the load-slip characteristics were an important 
behavior parameter, and, consequently, some researchers 
conducted deformation-controlled tests to induce a large ul-
timate slip. 

Large inelastic slip deformations will strain the headed 
studs considerably, such that stud tearing may occur. Al-
though concrete failure defines the first failure mode and the 
maximum ultimate load, the test result may have been in-

Fig. 9. Failure conditions of Test PO4F-6A with y = 3 in. (76 
mm): (a) Concrete breakout plan on slab; (b) Connection plate 
with concrete intact.
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Fig. 10. Failure conditions of Test PO4F-9A and -9B with y = 4.5 in. (114 mm): (a) Concrete breakout plan of both tests on slab;  
(b) Connection plate with concrete intact with crack propagating from front studs to rear.

(a) (b)

(b)



March-April 2005 99

appropriately reported as a steel stud failure, because of the 
post-failure behavior observed by the researchers. The au-
thors’ examination of these test results when compared to a 
steel failure capacity show that the high slip deformation tests 
produce an ultimate failure load less than that predicted using 
As Fut. This occurred primarily for the short, stocky studs that 
typically would exhibit pryout behavior. 

Eq. (6) is the fractile version of the pryout equation, capped 
by the steel strength of the studs. The equation includes a 
spacing modifier, ψy , psi, that accounts for influence ob-
served from this database. The database of published results 
for y-spacing is limited to pushoff tests and four-stud group 
tests by Zhao,10 the latter which used a constant y-spacing. 
This void in the data led the authors to further investigate the 
y-spacing by conducting tests.

EXPERIMENTAL PROGRAM
As discussed previously, the Zhao9 and Hawkins10 tests and 

the testing from the pushoff literature provide a very exten-
sive database. However, this database is limited to only a few 
tests examining the influence of y-spacing and the number of 
y-rows in a connection. Because of this situation, WJE con-
ducted eight pryout tests for the specific purpose of examin-
ing the y-spacing influence. The eight tests were included on 
a slab with other anchorage samples tested as part of a WJE 
in-house research program.

Fig. 12. Mixed mode failure of Test PO4F-12A with y = 6 in. 
(152 mm) showing steel failure of front studs and concrete 
breakout at the rear studs.

Fig. 13. Breakout plan of six stud Test PO6F-6B with y = 3 in. 
and Y = 6 in. (76 and 152 mm).
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Fig. 11. Failure conditions of Test PO4F-12B with y = 6 in. 
(152 mm): (a) Deformation of studs after test; (b) Perspective 
view of the concrete breakout on the slab.

(b)

(a)
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Test Specimens

The pryout anchorages were located in the middle of a  
5 × 10 × 1.25 ft (1.5 × 3.0 × 0.4 m) deep specimen used for 
edge testing of connections for another experimental study. 
The large interior area of this slab permitted tests to be con-
ducted without physically moving the specimen; only the 
loading apparatus needed to be repositioned. The slab plan is 
shown in Fig. 6(a). 

Fig. 6 shows the eight anchorages tested in this experi-
mental program. All anchorages had a constant x-spacing 
of 3 in. (76.2 mm), which is equivalent to 6d for the ½ in.  
(12.7 mm) studs used. The spacing exceeds the 4d require-
ment of ACI 318 Appendix D. By reviewing the available lit-
erature and through discussions with precast producer mem-

bers, an x-spacing of 6d was found to be a reasonable spacing 
to avoid a clustering effect of the studs. 

Four anchorage configurations were tested, with two tests 
conducted per configuration. Six anchorage plate configura-
tions had four studs, with the y-spacing varying incrementally 
from 3 to 6 in. (76.2 to 152 mm). The last test series utilized 
the overall 6 in. (152 mm) dimension for a Y-spacing but 
placed two additional studs in the center. Thus, the plate had 
six total studs at an individual y-spacing of 3 in. (76.2 mm). 

All studs were commercially available nominal 21⁄8 in.  
(54.0 mm) length, with an hef /d ratio of 3.62. This ratio is less 
than the 4.5d criterion established by Anderson and Mein-
heit12 to cause pryout. The Nelson studs used were AWS D1.1 
Type B, in conformance with AWS Table 7.1.36 The studs had 

 rear   front 

V

Concrete
Breakout Typical

Internal Crack 

h
ef

Secondary,
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damage (typ.)

Fig. 14. Typical failure behavior of a pryout connection illustrating the “kick-back” deformation mechanism defining  
the ultimate failure mode.

Table 2. Test results for the eight tests from the present test program.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

Test 
number

Number 
 of studs,

n

Front  
row,
nx

Side  
row,

ny

Stud  
diameter,

d (in.)

Embed 
depth,
hef (in.)

Concrete 
strength, 
fc’ (psi)

Ratio, 
hef /d

Test geometry

Vsteel 

(kips)

Ultimate  
Vtest 

(kips)
Failure 
mode

Angle data (degrees)

de3 

(in.)
x 

(in.)
y 

(in.)
Ratio 

y/d
Computed 
αfront/middle

Measured

αfront αmiddle αrear

PO4F-6A 4 2 2 0.5 1.81 5860 3.62 16.5 3.0 3.0 6.0 59.3 43.8 Pryout 31.1 34.5 NA 25.0

PO4F-6C 4 2 2 0.5 1.81 5920 3.62 16.5 3.0 3.0 6.0 59.3 32.6 Pryout 31.1 34.0 NA 29.5

PO4F-9A 4 2 2 0.5 1.81 5870 3.62 15.8 3.0 4.5 9.0 59.3 41.5 Pryout 21.9 35.0 NA 24.0

PO4F-9B 4 2 2 0.5 1.81 5860 3.62 15.8 3.0 4.5 9.0 59.3 45.5 Pryout 21.9 23.5 NA 21.5

PO4F-12A 4 2 2 0.5 1.81 6230 3.62 39.0 3.0 6.0 12.0 59.3 58.2 Mixed 16.8 NA NA 26.0

PO4F-12B 4 2 2 0.5 1.81 6230 3.62 39.0 3.0 6.0 12.0 59.3 56.8 Pryout 16.8 NA NA 21.5

PO6F-6A 6 2 3 0.5 1.81 6230 3.62 39.0 3.0 3.0 6.0 88.9 60.1 Pryout 31.1 NA 29.0 26.5

PO6F-6B 6 2 3 0.5 1.81 6230 3.62 39.0 3.0 3.0 6.0 88.9 63.3 Pryout 31.1 NA 35.0 23.5

Average: 24.7
Notes:
Column (9): de3 = distance from front stud row to front edge.
Column (15): Pryout mode is a concrete failure mode. Mixed mode is both concrete and steel failure. (Reference Fig. 12.)
Columns (17) to (19): Refer to Fig. 14.
Test data: h = 15 in. (slab thickness); Fut = 75.5 ksi.
1 in. = 25.4 mm; 1 kip = 4.448 kN; 1 psi = 0.006895 MPa; 1 ksi = 6.895 MPa.
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an actual yield strength of 67.4 ksi (465 MPa) and an ulti-
mate strength of 75.5 ksi (521 MPa). Steel plates were ½ in.  
(12.7 mm) thick conforming to ASTM A3637 requirements. 

The slab concrete was 5000 psi (34.5 MPa) normal weight 
concrete containing ½ in. (12.7 mm) angular gravel and no 
air entrainment. Table 1 shows the material properties for 
the concrete including compressive strength, splitting ten-
sile strength, and compressive modulus. The slab reached a 

maximum compressive strength of approximately 6300 psi 
(43.4 MPa); tests run in this program were conducted when 
the concrete was in the 5900 to 6300 psi (40.7 to 43.4 MPa) 
range, which is typical of precast applications.

All pryout plates were positioned on the form bottom, 
with 1 ft 3 in. (381 mm) of concrete placed above. This en-
sured good consolidation around the headed studs and, thus, 
trapped air voids were practically eliminated. The slabs were 
reinforced with a nominal amount of welded wire reinforce-
ment (mesh) for handling purposes; where applicable, the 
mesh was cut out around the stud anchorages to avoid any 
possible interference. 

To facilitate using a shoe plate test rig in the WJE Jack 
R. Janney Technical Center laboratory, wood blockouts were 
installed in front of and behind the anchorage plate. The front 
blockout prevented the ½ in. (12.7 mm) thick plate from 
bearing on the concrete and possibly augmenting the shear 
strength at low load levels.

Testing Procedure

The testing procedure is very similar to that referenced in 
the Anderson and Meinheit paper.12 The pryout anchorages 
were loaded in nearly pure shear by pushing on the back edge 
of the steel plate to which the headed studs were attached. 
This load to the embedded plate was achieved by using a ½ in.  
(12.7 mm) shoe plate welded to a pulling channel, connected 
to a high strength steel rod inserted through a center hole ram 
and load cell. 

A threaded stud was welded atop each plate, and a nut 
was finger-tightened on the top to prevent the test fixture and 
anchorage plate from becoming airborne upon achieving ul-
timate load. The load was monitored with a load cell, and 
deformations were recorded with two LVDTs positioned on 

 (c) (d) 

 (a) (b)  

crack 

bearing  
region  

shear direction

Fig. 15. Splitting 
cracks in (a) and (b) 
observed in the rear 
stud of the pushoff 
test specimens (from 
Ollgaard et al.5): 
(a) Normal 
weight concrete 
(Specimen LA1); 
(b) Lightweight 
concrete (Specimen 
LE2); (c) Detail of 
front stud (Specimen 
LA1); (d) Detail of 
front stud  
(Specimen LE2). 
Note: Splitting 
cracks in (a) and 
(b) traced for 
reproduction 
purposes.

Table 2. Test results for the eight tests from the present test program.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

Test 
number

Number 
 of studs,

n

Front  
row,
nx

Side  
row,

ny

Stud  
diameter,

d (in.)

Embed 
depth,
hef (in.)

Concrete 
strength, 
fc’ (psi)

Ratio, 
hef /d

Test geometry

Vsteel 

(kips)

Ultimate  
Vtest 

(kips)
Failure 
mode

Angle data (degrees)

de3 

(in.)
x 

(in.)
y 

(in.)
Ratio 

y/d
Computed 
αfront/middle

Measured

αfront αmiddle αrear

PO4F-6A 4 2 2 0.5 1.81 5860 3.62 16.5 3.0 3.0 6.0 59.3 43.8 Pryout 31.1 34.5 NA 25.0

PO4F-6C 4 2 2 0.5 1.81 5920 3.62 16.5 3.0 3.0 6.0 59.3 32.6 Pryout 31.1 34.0 NA 29.5

PO4F-9A 4 2 2 0.5 1.81 5870 3.62 15.8 3.0 4.5 9.0 59.3 41.5 Pryout 21.9 35.0 NA 24.0

PO4F-9B 4 2 2 0.5 1.81 5860 3.62 15.8 3.0 4.5 9.0 59.3 45.5 Pryout 21.9 23.5 NA 21.5

PO4F-12A 4 2 2 0.5 1.81 6230 3.62 39.0 3.0 6.0 12.0 59.3 58.2 Mixed 16.8 NA NA 26.0

PO4F-12B 4 2 2 0.5 1.81 6230 3.62 39.0 3.0 6.0 12.0 59.3 56.8 Pryout 16.8 NA NA 21.5

PO6F-6A 6 2 3 0.5 1.81 6230 3.62 39.0 3.0 3.0 6.0 88.9 60.1 Pryout 31.1 NA 29.0 26.5

PO6F-6B 6 2 3 0.5 1.81 6230 3.62 39.0 3.0 3.0 6.0 88.9 63.3 Pryout 31.1 NA 35.0 23.5

Average: 24.7
Notes:
Column (9): de3 = distance from front stud row to front edge.
Column (15): Pryout mode is a concrete failure mode. Mixed mode is both concrete and steel failure. (Reference Fig. 12.)
Columns (17) to (19): Refer to Fig. 14.
Test data: h = 15 in. (slab thickness); Fut = 75.5 ksi.
1 in. = 25.4 mm; 1 kip = 4.448 kN; 1 psi = 0.006895 MPa; 1 ksi = 6.895 MPa.
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the rear side of the plate. The loading fixture and setup is il-
lustrated in Figs. 7 and 8.

Test Behavior and Results

Figs. 9 through 13 show assorted photographs of the eight 
pryout test failures from this study. All eight tests failed in 
a concrete failure mode, except Test PO4F-6A, where the 
two front studs failed in steel and the rear studs failed in a 
concrete mode. As identified by Zhao,10 the failure mode and 
surface were very similar to a tension breakout. However, the 
failure surface characteristics differed from the overall 35-de-
gree tension concrete breakout mode in that the typical deep 
failure cone was absent in front of the lead studs. 

Figs. 9(a), 10(a), 11(b), and 13 show shallow surface spall-
ing in front of the lead studs. The spalling is post-ultimate, 
secondary damage. The characteristic breakout from the WJE 
tests is shown in Fig. 14. All failures were somewhat explo-
sive at ultimate load.

In general, when the anchorage plates were removed from 
the slab, the concrete enclosed by the studs was typically in-
tact and confined within the stud perimeter; this is illustrated 
in Figs. 9(b) and 10(b). Observations of a number of the intact 
pieces of confined concrete within the studs, not damaged by 
post-failure autopsies, revealed an interesting cracking be-
havior that typically occurred behind the front studs. 

The large front stud shank deformation at the plate relative 
to the embedded stud heads caused a diagonal crack to initi-

ate at the head and propagate diagonal-
ly upward at an angle of approximately 
35 degrees until intersecting the plate 
underside [see Figs. 9(b) and 10(b) for 
crack location]. Under load, this trian-
gular concrete wedge behind the front 
studs was thus well confined, especially 
along the top edge (see Fig. 14).

A similar behavior was observed 
at the rear studs. However, the con-
crete free surface is not confined by 
a plate behind the rear studs, and 
this diagonal crack propagation and 
wedge development eventually lead 
to defining the concrete breakout sur-
face. This “kick-back” action or pry-
ing out of the concrete defines this 
unique failure mode characteristic. 
This behavior was reported and illus-
trated in the work of Ollgaard et al. (see  
Fig. 15).5 However, the failure mode 
was mislabeled as a concrete failure 
instead of a pryout failure.

Table 2 presents the test results with 
their associated concrete strengths and 
failure loads. Also included in this 
table is a predictor of the steel strength 
in shear. Review of the failure loads in 
Table 2 reveals an increase in failure 
load for a corresponding increase in  
y-spacing. For the four-stud group tests, 
represented by the Series PO4F-6_  
(y = 3 in.), PO4F-9_ (y = 4½ in.), and 
PO4F-12_ (y = 6 in.), the increase in 
load is not directly proportional to 
y-spacing.

For example, the average failure load 
for Series PO4F-12_ is not twice the 
average failure load of Series PO4F-6_,  
even though the y-spacing increased 
from 3 to 6 in. (76.2 to 152 mm).  
Fig. 16 is a plot of the normalized fail-
ure load versus the overall Y-spacing 
for the eight tests shown in Table 2.

Series PO4F-12_ and PO6F-6_ were 
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Fig. 16. Normalized failure load versus the overall Y-spacing for the eight tests of the 
present study.
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Fig. 17. Load-deflection curves for the four-stud pryout tests with y = 3 and 4.5 in. 
(76.2 and 114 mm).
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database size would have been too restrictive by separating 
these variables.

Fig. 19 shows the test-to-predicted capacity ratio versus y/d  
spacing ratio for the multiple y-row tests. The single anchor 
predicted capacity is based on Eq. (5). The database values 
represented in this plot have y/d ratios ranging from 2.1 to 
about 20. The plot shows a curvilinear trend to the data, with 
both the conventional pryout tests and pushoff tests follow-
ing the same general trend. Using a multi-variable, linear re-
gression analysis on this y-spacing data, the following factor 
was found to account for the influence of y-spacing:

 ψy = 
y

4d
 (8)

similar in that the out-to-out or overall, center-to-center  
Y-spacing (where Y = Σy) was 6 in. (152 mm). Series  
PO6F-6_ had an additional y-row of two studs placed in 
the anchorage plate center, giving a total of six studs in the 
anchorage. The two additional studs in Series PO6F-6_ pro-
vided only a slight increase in failure load over the four-stud 
anchorages of Series PO4F-12_.

This indicates that the overall Y-spacing is the more in-
fluential parameter governing the behavior, yet the interior 
studs provide a “disruption” to the concrete stress state 
below the plate that minimizes the added benefit of the addi-
tional studs. Therefore, the individual y-spacing present in 
the connection is an influential parameter in that it defines 
the overall anchorage capacity.

The load-deflection behavior of the 
eight tests is shown in Figs. 17 and 18. 
Series PO4F-6_ and PO4F-9_ showed 
fairly stiff, linear behavior under in-
creased load until their sudden and 
explosive failure. Series PO4F-12_ 
showed good ductile behavior up until 
failure. 

Test PO4F-12A was a mixed mode 
failure, whereas Test PO4F-12B was 
a concrete failure with shear tearing 
of the studs observed on the removed 
anchorage plate. As illustrated in 
Fig. 18, Tests PO6F-6A and PO6F-6B 
showed similar load-deflection behav-
ior as their companion four-stud tests, 
but their initial slope was less, and the 
failure mode is characterized as more 
brittle.

DATA ANALYSIS FOR  
y-SPACING

The experimental results from the 
work herein and research studies of 
Hawkins,9 Zhao,10 and numerous com-
posite pushoff testing programs re-
ported in the literature were collected 
into a y-spacing database of 82 total 
tests. The test database consists of the 
present eight tests along with nine tests 
from Zhao. The remaining 65 tests 
were multiple y-row pushoff tests re-
ported in the literature. 

Of the pushoff tests, 27 tests were 
in lightweight aggregate concrete for 
which an appropriate λ factor was em-
ployed. Because Eq. (5) showed rea-
sonable correlation with lightweight 
concrete results when there was a sin-
gle y-row, the lightweight and normal 
weight concrete tests were combined 
in the y-spacing analysis and not par-
titioned separately. Furthermore, the 
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Fig. 18. Load-deflection curves for the four- and six-stud pryout tests with Y = 6 in. 
(152 mm).
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multiple y-row pushoff and pryout tests.
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shaped data points in Fig. 19 represent the tests of the pres-
ent study, and these data track well with the entire multiple 
y-row database.

COMPARISON TO  
ACI 318-05 REQUIREMENTS

As discussed at the beginning of this paper, the ACI 318-05 
Appendix D1 concrete breakout capacity for the pryout failure 
mode requires the calculation of the tensile breakout capacity 
based on computing the effective area of the CCD physical 
model breakout surface, and modifying that capacity by kcp, 

a step function term that is correlated 
with embedment depth. 

Figs. 20 through 23 present test-to-
predicted capacity versus embedment 
depth ratio (hef /d) plots for one y-row 
in normal weight concrete, one y-row 
in lightweight concrete, multiple y-
rows in both concrete types, and all 
data, respectively. The plots provide 
comparisons of the average predictor 
equations from ACI and that proposed 
herein as average Eq. (5), modified 
by the Eq. (8) y-spacing factor, as re-
quired. For reference, the ACI 318 
Appendix D equation uses a 5 percent 
fractile design equation for the tensile 
breakout strength in the pryout capac-
ity equation, given by:

 Ncbg = 24 fc’ (hef)1.5 
AN

ANo

 ψ1 ψ2 ψ3  (9)

The unreduced average equation cor-
responding to the above concrete ten-
sile breakout for uncracked concrete is 
given by Eq. (10):13

 Ncbg = 40 fc’ (hef)1.5 AN

ANo

 ψ1 ψ2    (10)

where ψ1 = ψ2 = 1.0.
For the portioned databases shown 

in Figs. 20 to 22, it can be observed 
that the ACI 318 Appendix D average 
predictor equations using Eq. (10) are 
overly conservative for short stocky 
studs where pryout is likely to occur. 
For deeper embedded studs, the ACI 
design approach becomes unconser-
vative.

When the entire database of single 
and multiple y-row pushoff and pryout 
tests are evaluated with the ACI 318 
Appendix D procedure, the ACI pre-
dicted results are clearly overly conser-
vative for headed studs, as depicted in 
Fig. 23. The inherent conservatism of 
the ACI equation occurs when the kcp 
factor becomes 1.0, as shown on the 

where

ψy =  y-spacing factor between rows perpendicular to 
applied shear force for y/d ≤ 20

y =  individual, center-to-center spacing of anchor rows 
in Cartesian y-direction (in.)

d = stud diameter (in.)
The statistical parameters when evaluating the y-spacing 

database alone gave a prediction mean of 1.00, a standard 
deviation of 0.12, and a COV of 12.1 percent. The statistics 
show that there is good correlation of the data with this fac-
tor considering that about one-third of the database includes 
lightweight aggregate concrete tests. The filled triangular 
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Fig. 20. Test-to-predicted capacity versus embedment depth ratio (hef /d ) for normal 
weight concrete, one y-row tests comparing the average equations from ACI 318-05 
Appendix D and the proposed Eq. (5).
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Fig. 21. Test-to-predicted capacity versus embedment depth ratio (hef /d ) for 
lightweight concrete, one y-row tests comparing the average equations from ACI 
318-05 Appendix D and the proposed Eq. (5).
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left side of Fig. 23; several data points are located above the 
test/predicted ratio of 2.0. 

If the entire 225 test database is compared to the prediction 
of capacity calculated using Eqs. (5) and (8), the prediction 
mean is 1.02, the standard deviation is 0.164, and the COV is 
16.1 percent. By comparison, the ACI 318 Appendix D statis-
tics are not near as good and exhibit considerable scatter. For 
the ACI average equations, the prediction mean is 2.03, the 
standard deviation is 1.205, and the COV is 60 percent. 

From Figs. 21 to 23 and the above statistical summa-
ries, the average ACI 318 Appendix D provisions for pry-
out under-predict the true capacity of a pryout anchorage. 
Representing pryout behavior with an 
easily illustrative, physical behavior-
al model is admirable, but the above 
analyses show the unnecessarily con-
servative limitations in the ACI meth-
od of predicting pryout capacity.

CONCLUSIONS 
AND DESIGN 

RECOMMENDATIONS
Based on this study, the following 

conclusions and recommendations are 
offered:

1. Headed studs in normal weight 
concrete with a hef/d less than 4.5 may 
invoke a failure mode known as pryout. 
This failure mode produces an ultimate 
capacity less than that predicted by  
Eq. (1), that is, Vu = 1.0 nAs Fut(design).

2. When headed studs are embedded 
in lightweight aggregate concrete, the 
hef/d limit is not as well defined because 
of the nature of lightweight aggregate 
concrete. From the literature, it was 
found that this ratio varies from about 
5.4 to 7.4.

3. Eqs. (6), (7), and (8) are proposed 
to predict the capacity for short, stocky 
studs having hef/d ratios less than 4.5.

4. Proposed Eqs. (6), (7), and (8) 
provide good correlation to predicting 
the pryout capacity. The equations are 
based on a database of 225 tests, pre-
sented in Appendix B of this paper.

5. The ACI 318-05 Appendix D 
provisions for predicting pryout ca-
pacity are overly conservative and 
reflect poor prediction statistics. The 
ACI model, based on a pseudo-ten-
sion breakout, is not appropriate for 
predicting pryout capacity.

RESEARCH NEEDS
Although the database presented in 

Appendix B is a substantial one, it is 

still primarily dominated by pushoff data. The pryout tests 
conducted as part of this study show ultimate load behavior 
and predictive statistics in line with the pushoff tests. Addi-
tional work is recommended to study the influence of shear 
lag when a greater y-spacing exists. 
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APPENDIX A – NOTATION
As  = effective cross-sectional area of stud anchor, sq in.
Ase  = effective cross-sectional area of stud anchor, sq in. 

(ACI 318-05 Appendix D notation)
d = shaft diameter of headed stud, in.
de1 = side edge distance normal to shear load application 

direction, parallel to the x-axis, taken from the center 
of an anchor shaft to the side concrete edge, in.

de2 = side edge distance normal to shear load application 
direction, parallel to the x-axis, taken from the 
center of an anchor shaft to the side concrete edge, 
in. (de2 is the side edge distance opposite de1)

de3 = front edge distance parallel to shear load application 
direction and y-axis, taken from the center of a front 
anchor shaft to the front concrete edge, in.

de4 = back or rear edge distance parallel to shear load 
application direction and y-axis, taken from the 
center of a back anchor shaft to the rear concrete 
edge, in.

Ec = modulus of elasticity of concrete, psi
fc’ = specified compressive strength of concrete, psi
Fut (actual) = actual ultimate tensile strength of headed stud 

steel in tension, psi
Fut (design) = design minimum tensile strength of headed stud 

steel in tension, psi
Fut, fut = specified ultimate tensile strength of anchor steel in 

tension, psi
Fvy = shear yield strength of anchor steel, psi
Fy, fy = specified yield strength of anchor steel in tension, 

psi
h = thickness of a concrete member in which the 

anchors are embedded, measured parallel to the 
anchor axis, in.

hef = effective headed stud embedment depth taken as the 
length under the head to the concrete surface, in.

kcp = coefficient for pryout strength (from ACI 318-05 
Appendix D)
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t = thickness of the attachment plate, in.
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ACI 318-05 Appendix D)
Vn = nominal shear strength, lb
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group of headed studs governed by steel strength, lb
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the x direction of the Cartesian plane, in.
�x = eccentricity between the shear plane and centroidial 

axis of the connected component, in. (from AISC)
y = center-to-center spacing of stud anchors in  

the y direction of the Cartesian plane, in.
λ = concrete unit weight factor
 = 1.0 for normal weight concrete
 = 0.85 for sand lightweight concrete
 = 0.75 for all lightweight concrete

κ = one-sided population limit (fractile) factor for a 
normal distribution 

µ = coefficient of friction
φ = strength reduction factor

ψy = y-spacing factor
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Problem 1

Given:
4 – ½ in. diameter × 21⁄8 nominal 

headed studs
Fut = 65 ksi (per AWS)
x = 4 in., y = 8 in., ½ in. thick plate
fc’ = 5000 psi

Problem:
Find the connection capacity away from all edges.

Solution:
Determine hef :
hef =  nominal stud length − head height − weld burnoff + 

plate thickness (if plate is flush to the concrete sur-
face)

= 2.125 − (0.5 + 0.125) + 0.5 = 2.0

hef /d = 2.0 / 0.5 = 4.0

Therefore, pryout is likely.

y/d = 16; ψy factor is applicable.

Determine steel capacity:

Vs = n As fut 

= (4)(0.2 in.2)(65 ksi) 

= 52 kips

φVs = (0.65)(52) = 33.8 kips

Determine concrete pryout capacity:

y-spacing factor:

ψy = 
y

4d
= 

8
(4)(0.5)

 = 1.41

Vpo = 215λ ψy n fc’ (d)1.5(hef)0.5

=  215(1.0)(1.41)(4) 5000 (0.5)1.5(2.0)0.5 1 kip
1000 lbs

= 42.9 kips

φVpo = (0.85)(42.9) = 36.4 kips

Steel capacity controls and, therefore, V = 33.8 kips.

Problem 2

Given:
6 – ½ in. diameter × 21⁄8 nominal 

headed studs
Fut = 65 ksi (per AWS)
x = 4 in., y = 4 in., Y = 8 in.
fc’ = 5000 psi, ½ in. thick plate

Problem:
Find the connection capacity away from all edges.

Solution:
Determine hef :

hef  = 2.0 (from Problem 1)

hef /d = 2.0 / 0.5 = 4.0

Therefore, pryout is likely.

y/d = 8; ψy factor is applicable.

Determine steel capacity:

Vs = n As fut 

= (6)(0.2 in.2)(65 ksi) 

= 78 kips

φVs = (0.65)(78) = 50.7 kips

Determine concrete pryout capacity:

y-spacing factor:

ψy = 
y

4d
= 

4
(4)(0.5)

 = 1.0

Vpo = 215λ ψy n fc’ (d)1.5(hef)0.5

=  215(1.0)(1.0)(6) 5000 (0.5)1.5(2.0)0.5 1 kip
1000 lbs

= 45.6 kips

φVpo = (0.85)(45.6) = 38.8 kips

Concrete capacity controls and, therefore, V = 38.8 kips.

Illustrative Problem 1 shows that four studs spaced apart 
a sufficient distance can cause the steel failure mode to con-
trol. The base equation is modified by the ψy factor, which 
is greater than 1.0 in this case. The factor is greater than 1.0 
because the base equation is not fully accounting for the ben-
efit of spreading the studs out in the y-direction. Hence, the 
modification is 1.41. This factor will have a cap on it, dictated 
by limiting the y/d ratio to 20.

Illustrative Problem 2 shows that adding two studs between 
the previous four-stud anchorage group provides a “disrup-
tion” to the connection and stress state in the concrete below 
the plate. If the spacing was less than the 4 in. in the problem, 
the ψy factor would actually be less than 1.0, indicating the 
closer spacing affects the capacity to a greater extent.

APPENDIX C – DESIGN EXAMPLES

x  

y  

x  
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