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Current bridge design codes do not provide adequate criteria/procedures for designing full-depth precast con-
crete deck systems, especially those with shear pocket connections. Instead, these systems and their connections
are designed on a case-by-case basis by either conducting necessary testing or adopting the design criteria/
procedures developed primarily for cast-in-place concrete deck systems. Shear pocket connections formed using
steel hollow structural sections (HSS) provide a promising solution to connecting precast concrete deck panels to
the supporting girders due to their superior structural performance and simplicity of panel fabrication. The main
objective of this paper is to develop criteria/procedures for designing HSS formed shear pocket connections in
full-depth precast concrete deck systems. These procedures will assist bridge designers in selecting pocket di-
mensions, HSS thickness, pocket anchorage and reinforcement necessary to maximize the connection capacity
while allowing adequate construction tolerance. Experimental investigation (push-off testing) and finite element
analysis (FEA) were performed to validate the developed design criteria/procedures. Analysis and testing results
indicated that the developed design criteria/procedures for HSS formed shear pocket connections are satisfac-

tory.

1. Introduction

Full-depth precast concrete deck systems is one of the promising
technologies for accelerated bridge construction (ABC) because the
construction of cast-in-place concrete bridge decks is one of the most
time-consuming and labor-intensive operations in bridge construction
[1]. Prefabrication of concrete bridge decks offers an opportunity to
significantly reduce construction duration, traffic disruption, and
bridge life-cycle cost. According to the American Association of State
Highway and Transportation Officials (AASHTO) Load and Resistance
Factor Design (LRFD) bridge design specifications section 9.4.1, full
composite action between bridge deck and supporting girders is highly
recommended as it improves the superstructure stiffness and economy
[2]. Full-depth precast concrete deck panels are made composite by
connecting them to the supporting girders using different types of shear
connectors, such as bent bars, headed studs, or threaded rods with nuts
[3]. These connectors are either embedded into the concrete girder
during fabrication or welded to the top flange of steel girder before or
after installing the precast concrete deck panels. Two approaches are
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commonly used to anchor the shear connectors into the full-depth
precast concrete deck panels: (1) using longitudinal troughs (channels)
in each deck panel above every girder line in case of continuous shear
connectors; or (2) using isolated shear pockets in each deck panel above
every girder line in case of discrete clustered shear connector. Fig. 1
shows examples of these connections that are used in bridge construc-
tion in the US, such as wedged shear pocket connections, longitudinal
channel connections, and hollow structural section (HSS) formed shear
pocket connections. The maximum spacing between shear connectors/
pockets had been studies thoroughly in several experimental and ana-
lytical investigations conducted by [4-7]. Researchers indicated that
stress concentration in the deck panel around the pocket need to be
resisted by providing special confinement reinforcement, which makes
the HSS formed shear pockets advantageous over other types of shear
pockets as they eliminate the need for additional/special deck re-
inforcement.

This paper focuses on HSS formed shear pockets due to its excellent
structural performance, especially for largely spaced connectors, and
the simplicity it offers in panel fabrication as stay-in-place forms.
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Notation

L, max. maximum effective embedment length of the shear con-
nectors L, yqx. = tg — d. — d;

fC' concrete compressive strength of precast concrete deck
panels

ﬂp concrete compressive strength of concrete inside the shear
pocket and the haunch

A longitudinal dimension of shear pocket (in the traffic di-
rection)

a spacing of shear connectors in the longitudinal direction

Acymin  minimum concrete interface shear area

Ane total area of steel to be placed within the haunch

Ags area of transverse reinforcement

A, area of shear connectors

b spacing of shear connectors in the transverse direction

B transverse dimension of shear pocket (perpendicular to the
traffic direction)

b, distance between the two exterior shear connectors in the
transverse direction (see Fig. 2a)

b. effective slab width, which is usually taken as the trans-
verse girder spacing

C¢ construction tolerance that should be specified in the
project specs. Practical construction tolerance for shear
pockets is found in the literature to be between 2 and 4 in.

d shear connector diameter

d. minimum concrete cover specified by AASHTO LRFD
(2014) section 5.12.3

dy shear connector’s head diameter

d; shear connector head thickness

fea design value of concrete compressive strength

fex characteristic value of concrete compressive strength

f; concrete tensile strength determined based on AASHTO
LRFD (2014) section 5.4.2.6

fy yield strength of reinforcing bars (normally 415MPa
(60 ksi))

fye yield strength of shear connector resisting interface shear

fra design yield strength of reinforcement

fp yield strength of the HSS (290 MPa (42ksi) for round
sections and 320 MPa (46 ksi) for rectangular/square

section for A500 Gr. B)

h¢ length of the shear surface failure (e.g. shear surface b-b in
Fig. 3)

hp shear pocket height

hge height of the studs

K, the interaction coefficient for tensile force activated in the
reinforcement or the dowels (fib MC 2010 Table 7.3-2)

Kq ratio of the transverse tensile or compressive force to that
of the applied shear force, V.

L. effective embedment length of the shear connectors (see
Fig. 2 (sec. (A-A)) (L. = hep)

m number of columns of shear connectors (m = number of
shear connectors in the longitudinal direction — 1)

n number of rows of shear connectors (n = number of shear
connectors in the transverse direction — 1)

Nebg nominal concrete breakout strength of group of anchors

N, nominal concrete breakout strength of individual anchor

ng number of shear studs to be welded on the exterior face of
the HSS for anchorage

P prestressing force applied on the shear pocket on the
transverse direction

Qs shear strength of one shear stud

S¢ spacing between transverse reinforcement

St transverse spacing center-to-center of the studs

T the total tensile force that needs to be resisted by ancho-
rage

t HSS thickness

tq deck panel thickness

th shear connector’s head diameter

v strength reduction factor for concrete cracked in shear

\Y applied shear force per pocket

\ design value of the applied shear stress

Va nominal shear force resistance per pocket

Vglitting  shear force per shear pocket that cause concrete to split

Vu applied shear force per pocket at the ultimate level (LRFD)

O¢ 45° in the absence of more rigorous calculation (EN 1992-
1-1:2004 sec 6.2.4)

(0] strength reduction factor

Examples of bridges constructed using HSS formed shear pockets are:
Live Oak Creek Bridge, TX (2008) and Kearney East Bypass Bridge in
Kearney, NE (2015). Currently, bridge design codes do not provide any
design criteria/procedures for this type of shear pockets. Therefore, the
main objective of this research is to develop design criteria/procedures
for HSS formed shear pockets in full-depth precast concrete deck sys-
tems to assist designers in selecting pocket dimensions, HSS thickness,
pocket anchorage and reinforcement necessary that maximize connec-
tion capacity while allowing adequate construction tolerance. The
paper is organized as follows. First, a review of the literature on the
different failure mechanisms of shear pocket connection is presented.
Second, the proposed design criteria/procedures are illustrated. Third,
the experimental investigations conducted to evaluate the performance
of the designed shear pockets are described. Fourth, the finite element
analysis (FEA) performed to validated the proposed design and study
the effect of design parameters is presented. Finally, research conclu-
sions are summarized.

2. Failure mechanisms of shear pocket connection

Failure of shear connectors is the most desirable mode of failure in
composite systems due to the ductile nature of steel yielding after
achieving a certain amount of slippage between girder and deck

368

components. However, in order to achieve that, failure of the sur-
rounding concrete has to be prevented. In clustered shear connections,
high concentrated loads exerted from shear connectors on the concrete
slab and haunch (if exists) causing premature failure of concrete sur-
rounding the shear connectors before the connectors develop their full
strength. Different failure mechanisms are discussed as follows.
Concrete splitting in composite sections has been discussed by
[8-13]. Oehlers [13] studied the effect of concrete splitting on the shear
strength of shear connectors. Once concrete starts to crack, a gradual
reduction in strength and stiffness of the concrete in the bearing zone
(Fig. 2) of high triaxial compressive stresses occurs [14]. The con-
centrated load that a connector applies to a concrete slab can induce
three distinct modes of cracking on the concrete slab, which are shown
schematically in Fig. 2. The lateral cracks extending from the sides of
the connector are caused by the ripping action of the concentrated load
on the concrete slab. The extent of these cracks depends on the in-plane
compressive forces in the slab [15]. Oehlers [13] concluded that these
cracks have little effect on the dowel strength since they occur away
from the high tri-axial compression bearing zone. However, observa-
tions of push-off tests done by Hatami [16] showed that providing
longitudinal reinforcement in the haunch (close to the high bearing
stresses adjacent to the shear connectors) eliminates the appearance of
these cracks and increases the shear strength significantly. It has been
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Fig. 1. Different precast concrete deck-to-girder connections.

also observed that the transverse reinforcement does not prevent
splitting, instead it does limit the propagation of cracks [17]. It is worth
noting that the solution of lateral stress dispersal due to concentrated
load problem was first developed by Flamant [18].

For longitudinal shear failure, deck panel and girder can be idea-
lized as flange and web, respectively, where the horizontal shear
strength of the flange is analyzed as a system of compressive struts
combined with ties in the form of tensile reinforcement [19], as shown
in Fig. 2. In Fig. 2a, the compressive struts are represented as arrow
marked “C” and the tie is represented as a tension member marked “T”.
In-plane rotation of the struts of concrete stresses the transverse re-
inforcement in tension causing failure when this reinforcement yields or
the struts crushes. Transverse reinforcement is usually placed in the
slab to resist the rotation of concrete struts and hence prevents failure
due to inclined shear [20]. The design equations are similar to those for
stirrups in concrete beams. Eurocode 4 [21] section 6.6.6 specifies
transverse reinforcement in the concrete slab to be designed to prevent
premature longitudinal shear failure or longitudinal splitting. The de-
sign longitudinal shear stress for any potential surface of longitudinal
shear failure within the slab shall not exceed the design longitudinal
shear strength of the shear surface considered. Where the design
longitudinal shear strength is given by [19] section 6.2.4(4). Fig. 3
shows typical potential shear failure surfaces to be checked, suggested
by the Eurocode 4-2 [21]. Where the length of the shear surface b-b
shown in Fig. 3 should be taken as equal to 2hy. (Where hy. is the height
of the studs) plus the head diameter for a single row of stud shear
connectors or staggered stud connectors, or as equal to (2hg + Sp)
(where S, is the transverse spacing center-to-center of the studs) plus

the head diameter for stud shear connectors arranged in pairs.

The shear strength of shear connectors in push-off tests is greatly
influenced by axial force exerted on the shear connectors due to shear
friction action and/or applied tension (that may be applied accidentally
during the test) that may cause concrete breakout failure. It is worth
noting that most design specification provisions of interface shear are
based on push-off experiments. Teraszkiewicz [22] observed that the
strength of push-off tests, in which the base of push-off specimen is free
to slide, is substantially less than that in push-off tests in which the base
is fixed (refer to standard push-out test in British Standards [23] Section
5.3.2.4 for test configuration). Teraszkiewicz recorded reduction in
shear strength of headed studs up to 50 percent when both sides were
free to slide [24]. This reduction in shear strength is due to the change
in the resultant axial force across the interface from compression when
the base is fixed to tension in the studs, when the base is free to slide.
The applied axial tensile load to the shear connectors can cause the
concrete surrounding the connectors to breakout forming a cone, as
shown in Fig. 2. This type of failure can be prevented by increasing the
embedment length of the connectors in order to develop the yield
strength of the shear connectors’ material or a maximum of 415 MPa
(60 ksi), as recommended by ACI 318-14 [25] (section 22.9.1.4) and
AASHTO LRFD [2] (section 5.8.4.1). However, the Canadian standards
[26] (section 8.9.5.4) and the European standards [19] (section 6.2.5)
specify the development of the yield strength without a maximum
value. Extending the shear connectors in order to achieve the devel-
opment length is impractical in the case of shear pocket connections
provided in the precast concrete deck. Instead, headed shear connectors
or 180-degree hook for steel rebars are used.
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3. Proposed design procedure of shear pocket connection

Fig. 4 shows a flowchart that illustrates a general design procedure
for a full-depth precast concrete deck system with shear pocket con-
nections. This follows the traditional procedures of bridge super-
structure design; however, design of shear pocket was added and design
iterations are made if needed. Fig. 5 shows a flowchart that illustrates
detailed design procedure for HSS-formed shear pocket connections.
Four distinct modes of failure are checked and criteria were proposed to
determine the following outcomes:

o Shear pocket dimensions

e HSS thickness

e Haunch reinforcement (if applicable)
® HSS anchorage (studs or bars).

3.1. Shear pocket dimensions
After designing the shear connectors using interface shear resistance

provisions, the number of shear connectors, shear connector diameter,
and shear connector head diameter will be known. Shear connector
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layout inside the shear pocket can be determined based on girder type,
flange width, and skew angle (if existing). Fig. 2 shows a general shear
connectors/shear pocket configuration for a clustered shear connection
that has nine shear connectors. Standard HSS section is used as a shear
pocket, which can be found in the American Institute of Steel Con-
struction manual [27] Tables 1-11 through 1-13. The selection criteria
of the HSS cross section should be based on finding the best fit with
consideration to allow adequate construction tolerance as the minimum
dimensions. Egs. (1) and (2) present simple formulas for calculating the
lower limits of shear pocket dimensions considering the distance be-
tween two exterior shear connectors and specified construction toler-
ance that may differ from one project to another.

A>am-1D)+d,+C (@)
B>b(n—-1)+d,+C 2)
where

A = longitudinal dimension of shear pocket (in the traffic direction)
(see Fig. 2)

B = transverse dimension of shear pocket (perpendicular to the
traffic direction) (see Fig. 2)

a = spacing of shear connectors in the longitudinal direction

b = spacing of shear connectors in the transverse direction

m = number of shear connectors in the longitudinal direction

n = number of shear connectors in the transverse direction

d;, = shear connector’s head diameter

C; = construction tolerance that should be specified in the project
specifications. Practical construction tolerance for shear pockets is
found in the literature to be between 2 and 4 in.

A preliminary HSS thickness should be selected, which will be
checked later when calculating concrete splitting strength. It should be
noted that standard HSS are referred to in this context because of their
availability and economy, however, built-up sections or bent plates can
be used as shear pockets. Upper limits for shear pocket dimensions
should be determined according to the concrete splitting and concrete
breakout mode of failure, which is discussed in detail in the following
sections.

3.2. Concrete splitting

The splitting resistance of concrete decks without transverse re-
inforcement should be checked first using Eq. (3). This equation is
derived based on research findings of Flamant [18]; Johnson and
Oehlers [17]; and Oehlers and Bradford [24] with minor modifications
to incorporate the tensile concrete strength specified by AASHTO LRFD
and the prestressing effect (if exist). Prestressing effect on splitting re-
sistance is added to the splitting equation to account for the effect of
transverse prestressing force (perpendicular to the traffic direction),

which exist in pretensioned precast concrete deck panels.
1.8-d-f-A
Vsplining =—"—+ L
2Ky 2 3

where

1 b Y
Kg==|1-2
‘ ”( bc')

by=bm—-1)+d

Vipiiing = shear force per shear pocket that cause concrete to split
K, = ratio of the transverse tensile or compressive force to that of
the applied shear force, V.

d = connector diameter
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f = concrete tensile strength determined based on AASHTO LRFD
[2] section 5.4.2.6 using f;p, where f;F is the concrete compressive
strength of concrete inside the shear pocket and the haunch.

b, = distance between the two exterior shear connectors in the
transverse direction (see Fig. 2a)
b, = effective slab width, which is usually taken as the transverse

girder spacing

P = prestressing force applied on the shear pocket on the transverse
direction.

When the applied shear force per pocket (V) is less than the splitting
resistance (Vspiitting), then, minimum thickness available for the chosen
HSS should be used. Otherwise, required HSS thickness should be cal-
culated using Eq. (4). Johnson and Oehlers [17] assumed that the re-
duction in shear connector forces due to bond and friction is negligible,
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Fig. 4. Flowchart of general design procedures for full-depth precast concrete
deck systems with shear pocket connections.

which is also maintained in this study.

t = (KaV — PI2)/(hyef,) @

where

V = applied shear force per shear pocket

fyp = yield strength of the HSS (290 MPa (42 ksi) for round sections
and 320 MPa (46 ksi) for rectangular/square section for A500 Gr. B)
h, = shear pocket height

t = HSS thickness.

Eurocode 4 [21] section 6.6.4 provides special provisions for shear
connectors that cause splitting and specifies limits on transverse re-
inforcement location to be considered effective in resisting splitting
forces. This limit is taken as (9d) from the center of the shear connectors
to the tension side of the HSS. This requirement should be considered to
adequately size the pocket to effectively resist splitting forces due to the
application of concentrated forces in the longitudinal direction.

3.3. In-plane shear (longitudinal shear)

In order to prevent concrete failure in tension in the haunch zone,
concrete zone between top flange of the girder and the soffit of precast
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(EN 1992-1-1:2004 sec 6.2.4).

End

Fig. 5. Flowchart illustrating design procedures of shear pocket connection.

panel, transverse reinforcement needs to be added to resist tensile force
and to achieve equilibrium of the strut and tie system. Due to con-
struction requirements of bridges, the haunch height may vary from 50
to 152 mm (2-6in.) to accommodate girder’s camber [16]. Therefore,
concrete shear strength of the haunch zone, specifically the area within
the shear pocket, is of primary importance to prevent premature
longitudinal shear failure. This area of the haunch experiences high
concentrated shear stresses from the shear connectors. Eurocode design
provision, [19] section 6.2.4(4) (Eq. (5)), is adopted for calculating the
required shear reinforcement.

(A fya/sp) 2 Vearhy/cotéy ©
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Table 1
Push-off experimental plan.
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Group Specimen type and size Shear connector type and size Shear pocket type and size f. (haunch/pocket) No. of specimens

A Concrete Block 6 ft long 3’ 4” x 2’ 6”7 1.5” A193 B7 Round HSS 7.5 x 0.188 7.6 ksi SCC 2
Threaded Rod

B Concrete Block 6 ft long 3’ 4” x 2’ 6”7 1.5” A193 B7 Round HSS 10 x 0.188 7.6 ksi SCC 2
Threaded Rod

C Concrete Block 6 ft long 3’ 4”7 x 2’ 6”7 1.5” A193 B7 Round HSS 10 x 0.25 7.5ksi SCC 2
Threaded Rod

D Concrete Block 6 ft long 3’ 4” x 2 6” 1.5” A193 B7 Round HSS 12.75 x 0.25 6.5ksi SCC 2
Threaded Rod

E Concrete Block 6 ft long 3’ 4”7 x 2’ 6”7 1.5” A193 B7 Round HSS 14 x 0.25 7.5ksi SCC 2
Threaded Rod

F Concrete Block 8 ft long 3’ 4” x 2’ 6” 2-1.25” A193 B7 Rec. HSS 16 x 12 x 5/16 9.6 ksi Grout 3
Threaded Rod

G Steel Girder 6 - 17 Type B Studs Rec. HSS 16 x 12 x 5/16 10ksi Grout 3

8 ft long W30 x 173

Note: 1in. = 25.4 mm; 1 ft = 305mm; 1 ksi = 6.9 MPa.

where

Vig < V-foq-sinbs-cosdy

v= 0.6[ - %](fck in MPa)

Ag = area of transverse reinforcement

S¢ = spacing between transverse reinforcement

Vgq = design value of the applied shear stress

f.q = design value of concrete compressive strength

fa = characteristic value of concrete compressive strength

fyq = design yield strength of reinforcement

h¢ = length of the shear surface failure (e.g. shear surface b-b in
Fig. 3)

v = strength reduction factor for concrete cracked in shear

0¢ = 45° in the absence of more rigorous calculation [19] (sec 6.2.4).

Total area of steel to be placed in the haunch (Ap,), which corre-
spond to critical section b-b or c-c in Fig. 3, can be calculated by Eq. (6):

|4

Ay = ————
. 2f ,-cotdy

(6)

where

fy = specified yield strength of the reinforcing bars.

3.4. Concrete breakout

Concrete breakout strength can be calculated using ACI 318-14 [25]
provisions section 17.4.2 where the strength of group of connectors is
the summation of individual connector strength in case the connectors
are spaced three times the embedment depth or more, which is not
likely to occur when using clustered shear connectors. In case of closely
spaced shear connectors in clustered shear connections, the group
strength will control the design. In addition, the specified yield strength
of the shear connectors will be difficult to achieve, especially when
using high strength shear connectors (greater than 415 MPa (60 ksi)).
Recent experimental investigations on interface shear [28-31,16]
showed that the measured connector strains were less than the yield
strain. The mean value of the strain, irrespective to the surface roughing
condition, was approximately 50 percent of the yield strain of the
connectors [29]. A more accurate interface shear model was developed
by Randi [32], which is adopted by fib Model code 2010 [33] and can
be used in calculating the axial tensile force that needs to be developed
when checking the concrete breakout [3,29]. This force corresponds to
the clamping effect exerted on the shear connectors due to shear

friction. Eq. (7) shows the tensile force that need to be developed to
prevent concrete breakout. It is worth noting that the general as-
sumption of ductile connection is valid, even though, the measured
connector strains by different researchers [28-31,16] was less than the
yield strain. This is attributed to the fact that strain is usually measured
at a single point on the connector, which does not reflect the behavior
of the connector under ultimate loads. Connectors resist interface shear
by clamping the components and by the dowel action, which is a ductile
behavior that results in bending the shear connectors. For more in-
formation about the shear connector behavior, please refer to Ref. [3].

T = kif,.-Ay @)

where

T = total tensile force that needs to be resisted

k; = interaction coefficient for tensile force activated in the re-
inforcement (fib MC 2010 Table 7.3-2). k; = 0.5 for roughened in-
terface and zero for smooth interfaces (i.e., interface with steel). The
surface is considered to be roughened when the peak-to-mean sur-
face roughness amplitude is larger than or equal to 1.5 mm (0.06 in.)
[33].

fye = yield strength of shear connector resisting interface shear

A, = total area of shear connectors.

Historically, the most common anchor reinforcement used in re-
sisting concrete breakout in tension is a U-shape (hairpins) in the di-
rection of the applied tensile force [25]. ACI 318-14 [25] section
17.4.2.9 denotes that the design strength of the anchor reinforcement
shall be permitted to be used instead of the concrete breakout strength
in determining anchor capacity. Only reinforcement spaced less than
half the embedment depth from the anchor centerline should be in-
cluded as anchor reinforcement considering that reinforcement is fully
developed in both areas.

Cannon et al. [34] recommended using U-shape hairpins for direct
force transfer to be placed at the potential breakout cone symmetrically
within 1/3 of the embedment depth from the edge of the anchor head.
Lee et al. [35] observed the effectiveness of placing anchorage re-
inforcement closer to the anchor on the tension capacity throughout his
tests. Similarly, CEB [36] design guidelines recommend using ancho-
rage reinforcement in form of U-shape within the breakout cone at a
distance of no more than half the embedment depth from the anchor
centerline, which agrees with ACI 318-14 [25]. The effective range is
increased in CEN/TS (by the European Committee for Standardization)
to % of the embedment depth. CEB [36] allows stirrups in beams within
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one embedment depth from the anchor centerline to be used as anchor
reinforcement.

The tension reinforcement provisions in most design codes of
practice are based on the assumption that concrete breakout failure
cone forms first before reinforcement located within a certain range
from the anchor bolt carry the tension force. The usage of the HSS as
anchor reinforcement in tension (in the vertical direction) is employed
to prevent brittle concrete breakout failure. A maximum distance from

Side view

(©)

Fig. 6. Typical views for push-off specimens of: (a) groups A, B, C, D, and E; (b) group F; and (c) group G (1in. = 25.4 mm; 1 ft = 305 mm).

the edge of the head of the outer shear connector to the nearest HSS
wall of 1.0 L. (one effective embedment length) is adopted in de-
termining the upper limits of shear pocket dimension as shown in Fig. 2.
Egs. (8) and (9) present simple formulas for calculating the upper limits
of the proposed shear pocket dimension in the longitudinal and trans-
verse directions respectively. The recommended limits are verified in
this study through experimental investigations, which is discussed in
the following sections. Concrete breakout strength should be check only
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Fig. 7. Push-off test setup (elevation and plane view) (1in. = 25.4mm; 1 ft = 305 mm).

if the maximum recommended shear pocket dimensions are exceeded.
ACI 318-14 [25] section 17.4.2 provision should be used in calculating
the concrete breakout strength of the clustered shear connectors inside
the shear pocket and shear connectors strength should be re-calculated.

®
9

A<b(m-1)+d, + 2L,
B<b(n-1)+d,+ 2L,

where

L. = effective embedment length of the shear connectors (see Fig. 2
- Detail A), where maximum L. = tg — d. — d..

3.5. Anchorage design of shear pocket

In order to achieve anchorage between the HSS and deck panel,
anchors are designed to resist the smaller of tension force exerted from
clamping forces due to shear friction or the breakout force. Shear
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connectors (studs or bars) are welded to the exterior surface of the HSS
as shown in Fig. 2. Deck transverse and longitudinal reinforcement are
recommended to be placed underneath the welded studs or bars in
order to prevent concrete spalling in case if the bottom transverse deck
reinforcement is widely spaced. The number of shear studs can be
calculated by Eq. (10), and the T value is given by Eq. (7):

_ Min-(T or Ngg)
Qs

ng

(10)

where

ng = number of shear studs to be welded on the exterior face of the
HSS for anchorage

Qs = shear strength of one shear stud

Nebg = nominal concrete breakout strength of group of anchors.
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4. Experimental investigation

Table 1 shows the plan of the experimental investigation that in-
cludes testing 16 push-off specimens. This plan was designed to validate
the recommended minimum and maximum shear pocket dimensions,
HSS thickness, and haunch reinforcement. Specimens “A” through “E”
focused on investigating the validity of the proposed design proce-
dures/criteria using round HSS and one large-diameter shear connector.
Specimens “F” and “G” focused on studying the behavior of rectangular
HSS with clustered shear connectors on concrete and steel girders.
Table 1 lists specimen type and dimensions; shear connector type,
number, and size; shear pocket dimensions and thickness; measured
concrete compressive strength; and number of specimens.

4.1. Push-off specimens details

Fig. 6 shows dimensions and reinforcement details of push-off spe-
cimens. For all the specimens, the girder top surface was roughened
with at least 6 mm (0.25in.) amplitude and cleaned prior to placing
deck panel and the interface shear area was considered to be the area of
monolithic concrete at the deck soffit, which is the area of the shear
pocket. Both haunch and shear pocket were filled with 42 MPa (6 ksi)
self-consolidating concrete (SCC) in specimen groups A to E and 62 MPa
(9 ksi) non-shrink grout in specimen groups F and G. Table 1 also lists
the measured concrete/grout compressive strength for each group. All
deck panels had top and bottom reinforcement used for typical cast-in-
place concrete bridge decks. Shear pockets were formed using hollow
steel structural sections (HSSs) placed at the centroid of deck panels.
The height of all shear pockets was 140 mm (5.5 in.) and the minimum
deck thickness was 190 mm (7.5in.) to ensure adequate cover thick-
ness. The shape and plan dimensions of the HSS were variables. Shear
studs were welded to the HSS in specimens in groups A through E and
steel bars (#5) were welded to the HSS in specimens in group F and G
for anchorage. Properties of the HSS used in shear pockets are as fol-
lows: ASTM A500 Gr. B with yield strength F, = 290 MPa (42 ksi) for
round HSS and F, = 320 MPa (46 ksi) for rectangular HSS, and tensile
strength F,, = 400 MPa (58 ksi).

4.2. Push-off test setup

Fig. 7 shows the test setup and instrumentation of the push-off test,
which consists of the following:

e Supporting frame: Two horizontal threaded rods anchored to the
reaction wall from one side and to a horizontal steel beam at the
other side.

o Tie-down steel frame anchored to the floor to prevent the specimens’
rotation.

e Hydraulic Jack, load cell, and loading plates.

e LVDTs (Linear Variable Differential Transformer) to measure re-
lative movements.

A horizontal load was applied to the center of the deck panel using
400-kip hydraulic jack, load cell, and spreader beam as shown in Fig. 7.
The load was applied gradually at a rate of approximately 4 kips/sec.
until the ultimate shear resistance of the interface shear was reached.
The specimens were loaded at this loading rate based on successfully
tested specimens found in the literature [6] for similar specimens. The
relative displacements between the supporting girder and deck panel
were measured in both horizontal and vertical directions using LVDTs.
The load-displacement relationships of the tested specimens were re-
corded using data acquisition system for analysis.
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Fig. 8. Load vs horizontal displacement relationships of: (a) group A, B, C, D,
and E; (b) group F; and (c) group G (1 in. = 25.4 mm; 1 kip = 4.448 kN).

4.3. Push-off experimental test results

Fig. 8 shows the load versus horizontal displacement for the sixteen
push-off specimens. The plot is divided into three sets to compare re-
sults of similar shear pocket connections: First set (a), shows the be-
havior of specimens in groups A, B, C, D and E; second set (b), shows the
behavior of specimens in group F; and third set (c), shows the behavior
of specimens in group G. Fig. 8a shows that specimens of groups A, B,
and C experienced significant horizontal displacement as the load
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Fig. 9. Mode of failure for specimens A2, B1, B2, and Cl1.

Applied
load

chenff Toactino

Fig. 10. Mode of failure for specimens Al, C2, D1, D2, E1, and E2.

increased and the connectors sheared off in four out of six tests, as
shown in Fig. 9. The horizontal displacement at failure in these speci-
mens ranged from 0.9 to 1.6 in. However, specimens in groups D and E Fig. 11. Mode of failure for specimens F1, F2, and F3.
showed less horizontal displacement and failed by breakout of pocket
concrete, as shown in Fig. 10 at displacement of less than 0.1 in. All six
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Fig. 12. Mode of failure for specimens G1, G2, and G3.

specimens in groups F and G showed similar behavior (see Figs. 11 and
12). The displacement at failure was recorded to be slightly less than
0.1 in. for specimens in group F and approximately 0.2 in. for specimens
in group G. Same grout material was used for groups F and G, however,
the shear connectors type was different. For more detailed experimental

Table 2
. Summary of push-off test results.
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results, refer to Tawadrous [37] and Tawadrous and Morcous [3].

In general, load-displacement curves showed three distinct beha-
viors: First, linear behavior up to a very small displacement (0.01 in.),
which defines the cohesion and aggregate interlocking failure of con-
crete at the interface [38]. Second, linear behavior up to a tangible but
limited displacement (0.1 in.), which defines the shear friction failure.
Third, the nonlinear behavior, where significant displacement was ob-
served with a slight increase in the load resistance by the connection
until shear connectors were sheared off. The main contributor to load
resistance in this phase is dowel action of the connector, where the
shear connectors were bent significantly and excessive displacement
was recorded. Specimens of groups A through C experienced the three
phases before failure. However, specimens of groups D and E experi-
enced only the first two phases and did not experience the post yielding
behavior and the failure was sudden. Similarly, specimens of groups F
and G experienced brittle failure, where the post yielding behavior was
not achieved and the failure mode included concrete crushing in the
haunch area as shown in Figs. 11 and 12, respectively. Table 2 lists
detailed testing results of the sixteen push-off specimens including the
measured concrete compressive strength of the haunch and the shear
pocket at testing time; shear pocket dimensions; measured and pre-
dicted interface shear strength; and mode of failure.

Failure mode is significantly affected by the shear pocket confine-
ment and haunch reinforcement that could be clearly seen in Fig. 8
when comparing load-displacement curves of all the specimens. Shear
pocket confinement by HSS was deemed to provide adequate confine-
ment and development for the connectors in group A, B, and C, how-
ever, confinement of specimens in groups D and E was not effective as
the diameter gets bigger. All specimens in groups A to E contained
haunch reinforcement, while specimens in groups F and G did not,
which resulted in brittle failure of grout in the haunch area.

Examining measured failure loads for each group that composed of
two identical specimens showed high test result variabilities ranging
from 11.7% to 31.8% in groups E and C, respectively. Studying previous
experimental push off test results conducted by Wallenfelsz [39], Badie
et al. [6], and Hatami [16] shows that such a high variability is not
uncommon.

Specimen ID  f, (ksi) Pocket dimensions Viest Vpredictea (Kips) Vpredictea (Kips) Mode of failure
(kips) (fib) (AASHTO)
Al 7.30 HSS 7.5 x 0.188 155.0 67.4 59.9 The Connector was bent. Concrete crushing in the shear pocket
A2 7.80 HSS 7.5 x 0.188 188.8 70.4 59.9 The connector sheared off. No concrete damage was observed inside the
shear pocket nor the haunch
Bl 7.30 HSS 10 x 0.188 152.8 116.9 109.1 The connector sheared off. No concrete damage was observed inside the
shear pocket nor the haunch
B2 7.80 HSS 10 x 0.188 176.5 118.2 109.1 The connector sheared off. No concrete damage was observed inside the
shear pocket nor the haunch
C1 7.50 HSS 10 x 0.25 173.1 117.2 106.4 The connector sheared off. No concrete damage was observed inside the
shear pocket nor the haunch
Cc2 7.50 HSS 10 x 0.25 131.3 117.2 106.4 The Connector was bent. Concrete crushing in the shear pocket
D1 6.5 HSS 12.75 x 0.25 163.2 81.4 97.9 The Connector was bent. Concrete crushing in the shear pocket
D2 6.5 HSS 12.75 x 0.25 145.3 81.4 97.9 The Connector was bent. Concrete crushing in the shear pocket
El 7.50 HSS 14 x 0.25 196.3 87.42 108.4 The Connector was bent. Concrete crushing in the shear pocket
E2 7.50 HSS 14 x 0.25 219.3 87.42 108.4 The Connector was bent. Concrete crushing in the shear pocket
F1 6.30 HSS 16 x 12 x 5/16  210.0 164.7 233 Connectors were bent. North connector was bent more and hit the south
connector. Grout crushing in the haunch
F2 10.80 HSS 16 x 12 x 5/16 247.8 182.2 233 The north connector was pulled out of the concrete girder
F3 8.30 HSS 16 X 12 x 5/16 249.2 173.1 233 Connectors were bent. Grout crushing in the haunch
Gl 6.20 HSS 16 x 12 x 5/16  229.3 171.33 187.37 5 Studs were sheared off. Grout crushing in the haunch
277.25" 282.6°
G2 9.10 HSS 16 x 12 x 5/16 221.4 191.4 187.37 6 Studs were sheared off. Grout crushing in the haunch
348.33" 282.6°
G3 9.10 HSS 16 x 12 x 5/16  232.9 191.4 187.37 2 studs were sheared off. Grout crushing in the haunch
338.4" 282.6

* Interface shear strength was calculated using AASHTO LRFD equation 6.10.10.4.3.
* Interface shear strength was calculated using fib MC 2010 equation 6.4-2. Note: 1in. = 25.4mm; 1 kip = 4.448 kN; 1ksi = 6.9 MPa.
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Table 3

Properties of different steel elements.
Element ASTM Standard fy (ksi) fu (ksi) E (ksi)
Threaded rod ASTM A193 B7 105 125 29,000
HSS ASTM A500 Gr. B 42 58 29,000
Bars ASTM A-615 60 90 29,000

Note: 1ksi = 6.9 MPa

5. Finite element analysis (FEA)

Non-linear FEA is used to investigate the behavior of the tested
push-off specimens. The main goal of conducting the FEA is study the
effect of other parameters, such as concrete compressive strength and
shear pocket dimensions on the overall connection behavior. A com-
mercial FEA package was used in the analysis (ANSYS 17.2 package
[40]). Material models, modeling technique, geometry description,
boundary conditions, and loading procedures, are discussed briefly in
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the following section, refer to Tawadrous [37] for a more detailed
discussion. Experimental push-off tests were used to calibrate the de-
veloped finite element (FE) models to further conduct parametric study.

5.1. Modeling technique

5.1.1. Material models

Properties of the 38 mm (1.5 in.) diameter threaded rods that were
used as shear connectors, HSS, and steel bars are listed in Table 3. These
values were verified using coupon test results provided by the manu-
facturer, for each steel product, which were also used in the analysis.
Fig. 13(a) shows the stress-strain relationship used for the threaded
rods, steel tube, and steel reinforcement rebars. The elastoplastic uni-
axial material model was used, which is provided with bi-linear kine-
matic hardening using Von Mises plasticity. Fig. 13(b) shows stress-
strain curve used to model the concrete compressive strength in the FE
model according to Badiger and Malipatil [41].

Threaded Rod
Steel Tube (HSS)
- = =Steel Rebars

0.012 0.014 0.016 0.018 0.02 0.022

Strain (in./in.)

(a) Stress-strain relationship for the threaded rods, steel tube and steel reinforcement bars

1.2

0.8

0.6

x f'_ (ksi)

0.4

0.2

0 0.001

0.002

0.003 0.004

Strain (in./in.)

(b) Idealized concrete stress-strain curve

Fig. 13. Stress—strain relationship of different materials used in FEA (1 in. = 25.4 mm; 1 ksi = 6.9 MPa).
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Fig. 14. Modeled part of the push-off test in FEA (1in. = 25.4mm; 1
ft = 305 mm).

5.1.2. Element models

Concrete was modeled by using 8-node SOLID65 element, which has
three translational degrees of freedom at each node, in addition to
capabilities of cracking (in three orthogonal directions) and crushing.
The element has one solid material and up to three rebar materials in
three directions. Thus, this element is commonly used to accommodate
nonlinear material properties [40]. The steel tube section was modeled
using 4-node SHELL181 element with six degrees of freedom at each
node: translations in the x, y, and z directions, and rotations about the
X, ¥, and z-axes [40]. Shear connectors (threaded rods) were modeled
with smooth surface using SOLID185 element. This element is defined
by eight nodes with three degrees of freedom at each node: translations
in the nodal x, y, and z directions. The element has plasticity, hyper-
elasticity, stress stiffening, creep, large deflection, and large strain
capabilities. It also has mixed formulation capability for simulating
deformations of nearly incompressible elastoplastic materials, and fully

Deck Panel

Shear Pocket

Fig. 15. Components of the FEA model.

Loaded Surface
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incompressible hyper-elastic materials [40]. Shear studs and steel re-
inforcement rebars were modeled using LINK8 element, which is a
uniaxial tension-compression element with three translational degrees
of freedom at each node and no bending stiffness. Contact element was
used to model the friction between different elements and dowel action
of the shear connectors. Frictional contact was defined between the
concrete of the shear pocket and the haunch. However, frictionless
contact was used between the precast concrete deck and the haunch to
prevent penetration between these two parts in the model because
adhesion between soffit of precast concrete deck panel and haunch is
negligible. Bonded contact element was defined between the shear
connectors and the concrete for simplicity. The type of interaction be-
tween different elements, by using the contact element, in solid vo-
lumes were setup without node sharing between the adjacent elements.

5.1.3. Model geometry, boundary conditions, and loading

The push-off shear tests were modeled utilizing the symmetry
function, where half the model was considered for the analysis. In order
to simplify the model, the precast concrete girder was eliminated from
the model and only the haunch and the precast concrete deck were
considered. This simplification was justified during the experimental
testing phase where the interface between the girder and the haunch
did not experience any sign of damage or deformation. Therefore, a
fixed boundary condition was reasonably assumed at the bottom face of
the haunch. Fig. 14 shows a sketch of the modeled part of the push-off
tests. Element geometric details for shear connector, concrete haunch,
deck slab, and shear pocket are also described in Figs. 14 and 15. The
deck slab had a dimension of 1220 mm (48 in.) by 1220 mm (48 in.) and
height of 190 mm (7.5in.). The haunch had dimensions of 1016 mm
(40 in.) by 840 mm (33in.) and a height of 75 mm (3 in.). The dimen-
sion of the shear pocket varied throughout the study; however, the
height remained constant and had a value of 140 mm (5.5 in.).

Symmetric boundary conditions were applied to the surfaces of
symmetry of the FE models. The soffit of the haunch was prevented
from moving and rotating by applying zero translation degrees of
freedom to the entire surface. Horizontal load was applied through
surface displacement that was increased gradually, utilizing load-step
feature, until the final failure happened at the connection.

5.2. Model calibration

In order to calibrate the FE models, specimens “A” through “E” were
modeled and compared to the experimental results. Fig. 16 shows the
load-horizontal displacement relationship of 10 push-off experimental
tests along with the predicted load-horizontal displacement curves
using FEA. All the shear pocket connections experienced two distinct
behaviors except HSS 12.75x0.25 and HSS 14x0.25 specimens where
only one behavior was observed. First, linear increase in the load re-
sistance by the connection with a very small displacement increasing
rate up to a point where the load-displacement curve started to change
the slope. The displacement typically ranges from 0.01 in. to 0.03 in. at
the end of this phase. Second, the nonlinear phase, where significant
displacement was observed with a slight increase in the load resistance
by the connection. HSS 12.75 x 0.25 and HSS 14 x 0.25 shear pockets
achieved the first phase only, then sudden concrete breakout failure
occurred and the connection was not able to achieve the dowel re-
sistance or post-yielding resistance. This is attributed to the lack of
confinement of the concrete surrounding the shear connector where
both shear pocket sizes were larger than the recommended maximum
shear pocket dimension limit (11.5in.) and did not function actively as
a confining reinforcement and/or tension reinforcement.

Table 4 lists the predicted (using FEA) and measured load values at
yielding and ultimate levels. The measured average test results of two
identical specimens were used to compare with the predicted values.
The table also show the percentage error between measured and pre-
dicted values. The comparison shows an average error of 10.5% and
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Fig. 16. Load-displacement relationships of different shear pocket sizes (1in. = 25.4 mm; 1 kip = 4.448 kN).

12.3% at yielding and ultimate load levels, respectively. Predicted va-
lues do not match test data very well and the reason could be attributed
to several parameters such as variability in support and loading con-
ditions, concrete and steel properties, applied load eccentricity with
respect to failure plane, and actual specimen dimensions. The variation
between measured and predicted values should not negatively affect
the conducted parametric study since the relative behavior of these
parameters was studied and not the absolute behavior.

Fig. 17a shows the shear stress contours at the interface between the
haunch and the deck panel at failure load. The shear stresses at the

interface reached maximum concrete shear strength, which agrees well
with the observed mode of failure where the failure took place at the
interface between the deck panel and the haunch, as shown in
Figs. 9-12. Fig. 17b shows the stress contours in z-direction (perpen-
dicular to the loading direction) at the top of the haunch at failure load.
The figure shows high stress concentration at the connector location
where tension and compression stresses exceeded the concrete tensile
and compressive strength, respectively. The stress distribution has
abruptly changed at the connector location due to the horizontal load
transfer between the shear connector and the concrete. It is worth
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Table 4
Measured and predicted (FEA) load values at yielding and ultimate load levels.
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Specimen ID Shear pocket dimensions Yielding load (kip)

Ultimate load (kip)

Measured Average FEA Error Measured Average FEA Error
Al HSS 7.5 x 0.188 104.4 126.4 101.4 23.9% 155.0 171.9 151.8 13.0%
A2 HSS 7.5 x 0.188 148.3 188.8
Bl HSS 10 x 0.188 118.4 141.6 137.0 3.8% 152.8 164.7 187.0 14.6%
B2 HSS 10 x 0.188 164.7 176.5
C1 HSS 10 X 0.25 125.0 123.5 137.0 10.8% 173.1 152.2 187.0 20.1%
Cc2 HSS 10 X 0.25 122.0 131.3
D1 HSS 12.75 x 0.25 163.3 154.3 150.8 2.1% 163.2 154.3 150.8 2.1%
D2 HSS 12.75 X 0.25 145.3 145.3
El HSS 14 x 0.25 196.3 207.8 184.3 12.0% 196.3 207.8 184.5 11.9%
E2 HSS 14 X 0.25 219.3 219.3
Average 10.5% Average 12.3%

Note: 1kip = 4.448 kN.

noting that the stress distribution in the transverse direction is similar
to transverse stress dispersal distribution proposed by Johnson and
Oehlers [17]. The development of these transverse stresses agrees well
with the requirement of the European code [19] Section 6.2.4(4), which
requires transverse reinforcement to be placed across the shear con-
nection to prevent premature in-plane shear failure. Also, this confirms
the need for haunch reinforcement described in the proposed design
criteria to eliminate the propagation of these cracks, which could result
in reducing the strength of the shear connection. Fig. 17c shows the
stress distribution in the longitudinal direction (parallel to the loading
direction) in the haunch. The plot shows high compression stresses in
front of the shear connector with minor tension stresses behind the
connector. The compression stresses are mainly due to bearing of the
shear connector on the adjacent concrete. It was reported that concrete
adjacent to the shear connector could experience high bearing stresses
and can be as high as three times the concrete compressive strength.

Fig. 18a shows the geometry of the shear pocket connection. Hoop
stress contours in the HSS at failure load is shown in Fig. 18b. The stress
distribution indicates that half of the HSS is exposed to tension stresses
(red contours) and the other half is exposed to compression stresses
(blue contours). Fig. 18c shows the relationship between hoop stress
(on y-axis) and the length along the circumference of the HSS (on x-
axis), considering only half the circumference of the HSS. Stress dis-
tribution shown in Fig. 18b validates the concrete splitting hypothesis
that is used in the proposed design criteria of the shear pocket con-
nection where tension stresses are evidence in the high tri-axial com-
pression zone (in front of the shear connector) and compression stresses
behind the shear connector. This coincides with the concrete splitting
behavior discussed in Johnson and Oehlers [17] based on experimental
and analytical investigations.

5.3. Parametric study

In order to investigate the effect of the shear pocket’s concrete
compressive strength, and the shear pocket dimensions on the shear
strength of the connection, nineteen FE models were developed. Fig. 14
shows the cross section and side view of modeled connection used for
parametric studies. Twelve FE models were used to study the effect of
concrete compressive strength of the shear pocket and seven FE models
were used to study the effect of shear pocket dimensions. In order to
study the effect of each parameter, the value of that parameter has been
changed while other parameters were remained constant. The shear
connectors considered, in all cases of study had a diameter of 38 mm
(1.5in.) and a total embedment length of 127mm (5.0in.)
(Le = 4.125in.) with head diameter of 89 mm (3.5in.) (d;, = 3.5in.). In
addition, the tensile yield and ultimate strength for the shear con-
nector’s material were 725MPa (105ksi) and 860 MPa (125 Kksi),
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respectively. Haunch height was 89 mm (3.51in.) in all specimens.

5.3.1. Effect of concrete compressive strength (f.")

Effect of concrete compressive strength on the strength of shear
pocket connections were studied using concrete compressive strength of
41 (6), 55 (8), 69 (10) and 83 (12) MPa (ksi). Other parameters such as
yield and ultimate tensile strength of shear connector and shear con-
nector diameter (d) were assumed to be constant. This parametric study
was conducted on three shear pocket sizes: HSS 7.5 x 0.188, HSS
10 x 0.188, and HSS 14 X 0.25, to observe the general trend of the
concrete compressive strength effect.

Fig. 19 shows the effect of concrete compressive strength on the
interface shear strength. As the concrete compressive strength in-
creases, the yield and the ultimate interface shear strength increases.
Where the yield resistance level is defined as the end of linear resistance
in the load-displacement relationship, when concrete fails at the
haunch-pocket interface, while the ultimate resistance level is post
yielding of the shear connectors. Based on the FEA results, the shear
strength of the shear pocket connection increased to an average of 60%
and 45% for yield and ultimate conditions, respectively, when the
concrete compressive strength increased from 41 (6) to 83 (12) MPa
(ksi). FEA results showed good correlation when it was compared to the
experimental results.

5.3.2. Effect of shear pocket size

The effect of shear pocket dimensions on the interface shear
strength of shear pocket connections was studied using seven different
shear pocket sizes. The shear pockets ranged from HSS 7.5 x 0.188 to
HSS 18 x 0.25. A concrete compressive strength of 55 MPa (8 ksi) was
maintained throughout this study. Fig. 20 shows the yield and ultimate
shear strength for a wide range of shear pocket sizes. FEA results were
compared to the corresponding experimental test results discussed in
previous section (when available). Both FEA and experimental results
have shown significant increases in shear pocket connection strength as
the pocket size increased in terms of the yield and the ultimate interface
shear strength. For instance, based on FEA results, the yield and ulti-
mate shear strength increased 35.5 and 23.2% when the shear pocket
diameter increased from HSS 7.5 x 0.188 to HSS 10 x 0.25, respec-
tively. The minimum and the maximum limits of a shear pocket with
one-shear connector according the proposed design provisions, con-
sidering a connector diameter of 38 mm (1.5in.), a head diameter of
89 mm (3.5in.), effective embedment length of 100 mm (4 in.), and a
construction tolerance of 100 mm (4in.), are190 mm (7.5in.) and
292mm (11.5in.), respectively. FEA results were comparable to ex-
perimental test results; where the shear pocket dimensions were within
the proposed limits. However, when the shear pocket dimensions ex-
ceeded the maximum proposed limits (e.g., HSS 12.75 x 0.25 to HSS
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Fig. 17. Stress contours in the haunch (1 in. = 25.4 mm; 1 ksi = 6.9 MPa).

18 x 0.25), the concrete failed in a brittle mode (breakout failure); and
the dowel action resistance was not achieved. This illustrates the need
to have maximum dimensional limits for the shear pocket to prevent
such a brittle failure and in order for the HSS to act effectively in re-
sisting the concrete breakout failure.

6. Discussion

Sixteen push-off specimens were tested to evaluate the design pro-
cedures of shear pocket connections. Load-displacement relationships
and modes of failure were examined for all the tested specimens where
the proposed shear pocket dimension limits, HSS thickness, and the
effect of haunch reinforcement were checked. All specimens had shear
pocket dimensions that are within the proposed minimum and
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maximum limits except specimens “D” and “E” that had shear pocket
with dimensions bigger than the proposed maximum limit. Testing re-
sults and modes of failure for these specimens showed satisfactory
performance of the proposed shear pocket dimension limits. The mode
of failure of the vast majority of specimens designed using dimensions
within the proposed dimension limits were shearing off the threaded
rod (connector) without any signs of concrete failure in the slab due to
concrete splitting nor the haunch, as shown Fig. 9. However, once re-
commended upper shear pocket dimension limits were exceeded; con-
crete breakout failure took place inside the shear pocket, as shown in
Fig. 10. Second, design thickness of the HSS was proven to provide
adequate splitting resistance to the concrete deck, where no sign of
longitudinal cracking was observed in the tested precast deck panels.
The effect of transverse haunch reinforcement was proven to be critical
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Fig. 18. Hoop stress distribution in the HSS (FEA) (1 in. = 25.4 mm; 1ksi = 6.9 MPa).

to the interface shear strength according to push-off testing results by
Hatami [16]. Therefore, in-plane shear provisions of EN 1992-1 [19]
was adopted in this study to calculate the amount of required transverse
reinforcement to prevent in-plane shear failure. It is worth noting that
no sign of cracking was observed in the haunch of the tested specimens
“A”, “B”, “C”, “D” and “E”. On the other hand, the haunch of specimens
F and G experienced concrete failure in the haunch area due to a lack of
transverse reinforcement, as shown in Figs. 11 and 12.

Specimens “F” and “G” were tested to verify the proposed design
procedures/criteria for connections with multiple shear connectors. The
shear pocket connections in these groups showed satisfactory interface
shear strength and overall connection strength with respect to the
proposed design procedures. However, these specimens experienced
brittle concrete failure in the haunch area, which is attributed to the
lack of transverse shear reinforcement. All tested push-off specimens
exceeded the predicted interface shear strength by fib MC 2010 and
AASHTO LRFD. The difference between the predicted and measured
interface shear strength varied widely. For example, in specimens “A1”
and “A2”, the measured interface shear strength was 230-268% of the
predicted value using fib MC 2010 respectively, and 260-315% using
AASHTO LRFD respectively. The predicted interface shear strength
using both codes was controlled by the upper concrete strength limits.
The main difference between test and code prediction values is attrib-
uted to the upper limit of shear strength values imposed by various code
provisions as a function of the concrete compressive strength. These
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limits are conservative values adopted by the codes, which are based on
experimental investigations found in the literature.

Nonlinear FEA was used to investigate the behavior of the tested
push-off specimens. The main purpose of conducting these analyses was
to better understand the behavior of the shear pocket connection in
terms of stress distribution and load-displacement relationship. Load-
displacement relationships from FE models of the push-off test corre-
lated well with the experimental results for all cases. In addition,
studying stress distribution in different elements helped understanding
the behavior of the shear pocket connection and the adjacent concrete
regions. Stresses observed in FE models conformed with the proposed
design procedures/criteria of shear pocket connections. Parametric
studies were also performed to investigate the effect of concrete com-
pressive strength and shear pocket dimensions on the shear pocket
connection strength. It is concluded that both parameters have crucial
effects on the shear pocket connection strength. Increasing the concrete
compressive strength from 42 MPa (6 ksi) to 84 MPa (12 ksi) resulted in
increasing the connection strength to a range of 42-72% for various
shear pocket sizes. In addition, increasing the shear pocket dimensions
increases the shear pocket strength as long as the selected shear pocket
dimensions are within the proposed dimension limits. However, ex-
ceeding the maximum limits of the proposed criteria would result in
brittle failure for concrete inside the shear pocket without achieving the
dowel action resistance.
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7. Conclusions

In this paper, design criteria for HSS formed shear pocket connec-
tions used in full-depth precast concrete deck systems were developed
to address the following failure mechanisms:

1. concrete splitting, which determine the required deck transverse
reinforcement and HSS thickness;

. in-plane shear, which determine the required haunch transverse
reinforcement to avoid concrete crushing;
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. concrete breakout, which determine the maximum pocket dimen-
sions to prevent concrete breakout; and

. HSS pullout, which determine the number of studs required to
provide adequate anchorage between the HSS and deck panel.

The experimental investigation conducted to validate the proposed
design criteria consisted of 16 push-off specimens that include rectan-
gular and circular HSS formed shear pockets in concrete and steel gir-
ders. Testing results had shown that HSS-formed shear pocket connec-
tions performed best when all the proposed design procedures/criteria
are satisfied. The mode of failure of those specimens was shearing off
the connectors after reaching their ultimate capacity. Other specimens
experienced premature concrete failure when the shear pocket dimen-
sions exceeded the recommended upper limits and/or when transverse
reinforcement was not provided.

A parametric study was conducted using Finite Element Analysis
(FEA) to investigate the effect of concrete compressive strength and
shear pocket dimensions on the connection capacity. It is concluded
that both parameters have a vital effect on the shear pocket connection
strength. As the concrete compressive strength increases from 42 MPa
(6 ksi) to 84 MPa (12 ksi), the shear strength of the connection increases
42-72% depending on the pocket sizes. In addition, increasing the
shear pocket dimensions increases the connection strength as long as it
is within the proposed dimension limits. For example, using 18in.
diameter circular pockets results in a 57% increase in the shear strength
of the connection compared to using 7.5 in. diameter circular pocket.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.engstruct.2018.11.003.
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