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Abstract

Full-Depth Precast Concrete (FDPC) bridge deck panels are increasingly used in highway construction due to
their rapid installation, ease of replacement, and cost-effectiveness. To improve composite action, clusters of
large headed-stud connectors embedded in Ultra-High-Performance Concrete (UHPC) shear pockets have been
introduced, however, this configuration often induces high stress concentrations and premature cracking around
the pockets. This study develops and validates a finite element (FE) model of FDPC panels incorporating L-
angle confined UHPC pockets with clustered large studs, based on push-off tests under eccentric loading. The
FE simulations accurately reproduced experimental behavior, with predicted ultimate loads and crack patterns
closely matching test results for specimens with a cluster of 4, 6, and 8 studs. Parametric analyses showed that
finer mesh sizes (10-30 mm) improved crack localization but underestimated ultimate loads (up to 8.3%). Push-
off stiffness was influenced by LVDT placement (with 10-20%) due to localized slip and by eccentric loading
positions, which significantly affected shear capacity and premature crack pattern. L-angle confinement
enhanced shear resistance by up to 15%. Comparisons with experimental data and American Association of
State Highway and Transportation Officials (AASHTO) Load and Resistance Factor Design (LRFD) bridge
design equations confirmed that the FE model provides a reliable and efficient analytical tool for optimizing
FDPC bridge deck connections with large stud clusters and UHPC shear pockets.

Keywords: Finite element, Full-depth bridge deck panels, Large-sized headed stud, Numerical simulation, Push-
off test, Ultra-High-Performance Concrete shear pockets

1 Introduction

The growing demand for durable, efficient, and
rapidly constructible bridge systems has led to
significant advancements in bridge deck technologies.
Among these, the Full-Depth Precast Concrete
(FDPC) bridge deck panel system has gained

widespread adoption due to its ability to accelerate
construction, minimize traffic disruption, and enhance
structural durability [1]-[3]. Unlike conventional
cast-in—place decks, FDPC decks are prefabricated
offsite under controlled conditions, ensuring high—
quality construction, reduced material waste, and
improved long—term performance consistency [4], [5].
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These panels are then assembled onsite and connected
to supporting steel girders through shear connectors,
which could be clustered as a group of studs and
embedded within shear pockets filled with Normal
Strength Concrete (NSC) or high strength cement or
even better with Ultra—High—Performance Concrete
(UHPC) [6]. Recent studies have also explored
UHPC-filled shear pockets in Precast Concrete (PC)
composite girders, highlighting their potential to
further enhance system performance [7], [8].

UHPC is an advanced cementitious composite
characterized by compressive strengths exceeding
120-150 MPa, exceptional durability, and superior
tensile properties due to its dense microstructure and
steel fiber reinforcement [9]. Compared to
conventional concrete, UHPC offers higher resistance
to cracking, freeze—thaw cycles, and chloride
penetration, making it an ideal material for critical
bridge connections [10]. When used as an infill
material for shear pockets, UHPC facilitates efficient
shear transfer between precast deck panels and steel
girders, and thereby improving overall bridge deck
integrity. However, the performance of UHPC—filled
shear pockets in achieving effective composite
behavior—particularly in terms of deck—to—pocket,
pocket—to—stud, and deck—to—girder interactions—
remains a subject of ongoing research [11]. Previous
investigations comparing UHPC and NSC pockets in
PC composite girders have revealed that cracking
frequently occurs in NSC regions, and additional
interface reinforcement may be required to optimize
shear performance [7], [8].

To further enhance shear transfer efficiency
between the concrete deck and steel girders, the
present study focuses on UHPC shear pockets
incorporating clusters of large-diameter headed studs
(31.75 mm or 1.25"), rather than conventional smaller
studs (< 19 mm or %"). The use of larger studs offers
several advantages, including increased shear
capacity, reduced connector density, and improved
fatigue resistance [12]-[14]. Moreover, clustering
large studs within UHPC pockets can decrease
welding time and congestion while simplifying
installation. Nonetheless, large-diameter studs may
induce localized stress concentrations, stiffness
variations, and potential cracking around the
connection region [15].

To address these challenges, steel angle ring
confinement has been proposed as an innovative
reinforcement strategy for UHPC shear pockets.
Traditional confinement methods, such as rebar

reinforcement or steel mesh, may not fully capitalize on
the superior strength of UHPC, while tubular
confinement can be overdesigned for this system. In
contrast, L—angle ring confinement provides enhanced
lateral restraint, better stress distribution, and improved
resistance to localized failure [16], [17]. When
combined with UHPC pockets containing large—headed
stud clusters, this confinement mechanism can mitigate
premature cracking, improve ductility, and promote
uniform load transfer, thereby extending the long—term
performance of the bridge deck system. This approach
is supported by experimental findings demonstrating
improved behavior of L—angle confined shear pockets
under both static [16], [17] and cyclic loading
conditions [18].

Sriboonma et al., [19] investigated the shear
behavior of UHPC shear pockets with L—angle ring
confinement and large—diameter stud clusters in
FDPC systems through a series of push—off tests under
eccentric loading. The study examined the effects of
pocket dimensions (width and length) and stud
arrangements (4, 6, and 8 large studs) on static shear
performance. The findings demonstrated that failure
modes and crack patterns occurred in NSC slab
regions bearing against UHPC pocket. Shear strengths
of samples were compared to the design equations
according to AASHTO LRFD and Eurocode 4—where
the compatible results matched with the specimens
with 4—studs in a square shape pocket, while the others
found less compatible from 3.6% to 9.4%. However,
with the limited number of samples, in—depth analysis
and comparison against the results of the samples with
NSC shear pocket and/or without L-angle
confinement were not performed.

Therefore, this study employs Finite Element
Analysis (FEA) to extend previous research by
investigating the structural efficiency of UHPC shear
pockets with and without L—angle ring confinement.
The analysis examines the effects of Linear Variable
Differential Transformer (LVDT) positioning,
eccentric loading, and compares UHPC and NSC
pockets under push—off conditions. The developed
FEA model is validated against experimental data in
terms of shear strength, load-slip response, stress
distribution, and failure = mechanisms [20].
Additionally, parametric analyses are conducted to
refine modeling parameters such as mesh size,
material constitutive laws, Concrete Damage
Plasticity (CDP) properties, and boundary conditions
[21].
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Ultimately, the findings of this study aim to
contribute to further FEA development for UHPC
shear pockets under fatigue or cyclic loading
conditions. The outcomes will also support the design
standards and implementation of Accelerated Bridge
Construction (ABC) systems with enhanced
efficiency, durability, and resilience.

2 Materials and Methods
2.1 Specimen geometry of push-off experiment

The specimens of FDPC bridge deck panels were cast
in L—shape and tested under static push—off load. The
specimen consisted of three main parts: FDPC panel,
UHPC pocket and the clustered studs. The FDPC deck
panel is 600 mm (24 in) wide, 1,100 mm (44 in) long,
and 200 mm (8 in) thick, with the enlarged loading
thickness about 500 mm (20 in) as shown in Figure 1.
The second part is a cluster of large—sized studs with
diameters of 31.75 mm (1% in) and 63.5 mm (2% in)
for the shank and the head sections, respectively, at
76.2 mm (3 in) spacing on center as shown in
Figure 2(a), which was embedded inside the UHPC
shear pocket. The dimensions of the shear pocket were
based on the stud arrangement of 4, 6, and 8 studs,
which varied from a rectangular shape of 12x9 inches,
a square shape of 12x12 inches, and a rectangular
shape of 12x15 inches, respectively, as shown in
Figure 2(b). The shear pockets were cut through the
thickness of the FDPC panel and were filled with
UHPC materials. The additional parts included
L—angle ring confinement, which was welded together
with 25x25x3 mm steel angle and two 12 mm
diameter deformed hook bars on each side around the
perimeter to create extra concrete bonding. The last
part is a 20 mm thick steel plate placed at the bottom
of the specimen acting as a top flange of steel girders
of a bridge. Also, the minimum reinforcement of the
12 mm diameter deformed bars was embedded inside
the FDPC panel for all specimens.

Figure 1 presents the geometry of the L—shape
FDPC deck panel and the variable configurations of
three different types of shear pockets expressed in
Table 1. The dimension of the FDPC panel was
represented in transverse and longitudinal sections in
Sections A—A and B-B of the figure, respectively.
Three variable sizes (width Py x length P;) of shear
pockets were considered, depending on the number of
studs of 4, 6, and 8 studs in each cluster, which led to

the specimens named P-4-9x12-U, P-6-12-U, and P-
8-12x15-U for this study.
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Figure 1: Geometry of experimental specimens.

Table 1: Dimension and configuration of experimental
specimens.

No. PwxPy,

. i w L L,
Specimen of inch x . . .

p Studs (inch) (inch) (inch) (inch)
P-4-12x9-U 4 9x12 75 6 10
P-6-12-U 6 12x12 6 6 10
P-8-12x15-U 8 12x15 6 4.5 8.5

Though the sizes of the shear pockets were
varied, the spacing of large-sized studs was the same
for all specimens, as shown in Figure 2. The spacing
of each stud was controlled by the minimum center—
to—center spacing of 4.0 typical stud diameter of 19
mm (% in), which was 76.2 mm (3 in) in both
transverse and longitudinal axes per AASHTO LRFD
Bridge Design Specifications: section 6.10.10.1.3
[22]. The clear distance between the edge of the top
flange and the edge of the nearest studs was greater
than 25.4 mm (1.0 in), which was also followed by the
design code. Noted, all studs were fillet-welded to the
steel plate in three layers to ensure no failure due to
welding tear-off.

2-1/2"

1/2"

5-1/4
41/2"

12"

(a) (b)
Figure 2: Dimensions of large—sized headed studs,
arrangement of clustered studs, and stud welding.

2.2 Push—off test setup

The specimen was initially fabricated by casting the
FDPC deck, while the cluster of large—sized studs was
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welded to the steel plate. Then UHPC was poured into
the shear pocket where the studs were embedded
inside. The specimens were air-cured for 28 days
before push—off testing. Bolted connection was
proceeded between the base steel plate of the
specimen and the balancing frame in the vertical
direction. The hydraulic jack and load cell were then
installed on the main steel frame and the enlarged area
of the specimen (Figure 3) prior to loading. To monitor
the displacement in both vertical (slip) and horizontal
(tilt—up) direction, three LVDTs were attached to the
specimen and the balancing frame. Moreover, two
strain gauges were mounted to the angle ring
confinement in the transverse and longitudinal axes to
collect hoop strains around the confinement.

Steel Frame

Hydraulic_|
Jack

~Specimen

. UHPC
Pocket

Balancing

" Frame \H'

Figure 3: Push—off test set—up: front,
schematic view; and load cells and LVDTs setup.

i
1

side, and

2.3 Material properties

The FDPC deck panel was cast with 358 ksc (35 MPa)
compressive cylinder strength of ready mixed
concrete with minimum reinforcements of DB12
deformed bar grade SD40 (TIS) or equivalent to Grade
60 (AISC) embedded. The shear pocket was filled
with 1,234 ksc (121 MPa) compressive cubical
strength of UHPC with reactive powder and steel fiber
13 mm length and 0.20 mm diameter, as shown in the
mixing proportion of UHPC in Table 2.

Table 2: UHPC mixed design proportion.

Note 1: Low carbon Portland cement Type I

Note 2: Sika VisconCrete-819 Extra

Note 3: Dramix OL 13/0.2

Note 4: 20% extra water added for low carbon cement

Steel angle grade SS540 (TIS) or equivalent A36
(AISC) was welded around the perimeter of the shear
pocket to form the L—angle ring confinement. Also,
two DB12 hook bars grade SD40 were welded to each
side of the angle in a total of 8 hook bars around the
confinement. The large—sized headed studs with
SCM440 steel grade based on JIS G4105, which are
commonly used for Thai Industrial Standards or
equivalent to steel grade 1018 per Society of
Automotive Engineers (SAE) standard, yield strength
65/85 ksi and tensile strength of 105/130 ksi, were
used in this study. Table 3 summarizes the material
properties used for each part of the specimen.

Table 3: Summary of material properties for push—off.

Description  Type/ Yield Strength Ultimate
Grade Strength
Shear pocket UHPC 1,234 ksc 1,234 ksc
(17.55ksi/121.1 (17.55ksi/ 121.1
MPa) MPa)
Concrete slab Normal 358 ksc 358 ksc
Weight  (5.09 ksi /35.1 (5.09 ksi /35.1
MPa) MPa)
Reinforcement Deform 2400 ksc 4000 ksc
/Hook bars ~ SD40 (65 ksi/ 235.36 (55 ksi/392.27
MPa) MPa)
Studs SCM440 4600 ksc 7400 ksc
(85 ksi/ 448.16 (105 ksi / 723.95
MPa) MPa)
Angle SS540 2400 ksc 4000 ksc
confinement (34 ksi /23536 (55ksi/392.27
MPa) MPa)

Weight per Volume (kg/m?)

Description Cement' Silica Sand Water Super Steel

fume plasticizer® fiber®
UHPC 900 225 1175 207 15 150
mixed
design
Cement 1.00 0.25 1.31 0.23 0.02 0.17
Ratio
% per 34.12 8.53 44.55 7.854 0.57 5.69
Weight

2.4 Basic information of the finite element model

The finite element (FE) model was performed using
ABAQUS/CAE standard module 2023 version. The
model geometry was created according to the test
specimen in Section 2.1. The components of the push—
off test model included five (5) parts and five (5)
materials model as shown in Table 3, which can be
classified material models as follows:

1) Shear pocket: Concrete damage plasticity
model

2) Concrete slab: Concrete damage plasticity
model

3) Reinforcement/ Hook bars: Elastic-plastic
model

4) Studs: Elastic-plastic model

5) Angle confinement: Elastic-plastic model

The details of constitutional laws and the
simulation material model were presented in Section
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2.7. Loads and boundary conditions were applied
under similar test conditions in Section 2.5. The
boundary and interaction condition of the push—off
test model were presented in Section 0. The simulation
model was simplified to a half model in a symmetrical
X=Y plane. The element size and type were optimized
for corrective results as per Section 2.6, which can
reduce the number of meshes and implementation
time. The push—off test model was presented in Figure
4.

Indenter Reinforcement

A

Concrete Slab

A

Shear Pocket Hook Bars

Angle Studs

¥

t.. !

(b) (c)
Figure 4: Push—off test model: (a) components of
push—off test model, (b) side view, (c) front view.

2.5 Load and LVDT measurement location

The location of load application and the LVDT
measurement reflected the studded behavior of the
push—off test. The load location had a direct influence
on the ultimate load, which was investigated under
four (4) loading conditions: starting at the half—depth
(center) of the FDPC panel as 4" and followed by
adding eccentricity of 6", 8", and 9" from the center.
The LVDT measurement location influenced the
deformation results of the test, which were considered
under three points at distances of 4", 6", and 8" away
from the front edge. The location of the load

application and the LVDT measurement is presented
in Figure 5. The effect of the eccentric load induced an
additional moment, causing variable internal stresses,
which were analyzed through the reactions of the
model, namely the shear force (Fv) and the axial force
(Fa).

Load at center

4"

LVDT 8"
Eccentric load 6"
(10")

Eccentric load 8"
12"

Eccentric load 9"
(13"

Figure 5: Model location of load and LVDT.
2.6 Elements size and type

The element types were divided into components of
the shear pocket model, which included the shear
pocket, concrete slab, studs, and angle confinement, as
element types of C3D8. Reinforcement and hook bars
were element types of B31. The C3D8 element is an
8-node linear brick element and the B31 element is a
first-order, three-dimensional beam element [23]. The
shear pocket, studs and angle confinement were
meshed with element sizes less than 10 mm. The
reinforcement and hook bars were meshed with an
element size approximately equal to their diameter (12
mm). The mesh of the shear pocket and concrete slab
was refined in the regions around the studs and at the
UHPC—concrete slab interface to ensure accurate
simulation with mesh sizes ranging from 10 to 30 mm
as shown in

Figure 6. This refinement was performed to assess the
comparative effects of variable mesh sizes.
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Figure 6: Mesh model: (2) outside part, (b) inside part.

2.7 Constitutional laws of materials
2.7.1 MPC stress-strain curve model

The MPC stress-strain curve model was used to
estimate the true stress-true strain curve of metal
material [24]. This model can estimate strain
hardening characteristics, which require input
parameters of engineering yield stress and engineering
ultimate stress in Table 3. The true stress—true strain
curves of all materials were estimated using Equations
(1)to (11) as shown in Figure 7.

gtzg_;+)/1+y2 (D)
Where,
_ 82—1(1.0 — tanh[H]) 2)
Yy = %2(1.0 — tanh[H]) 3)
1
O¢\my
£ = (A—) @
_ ays(l + sys)
! (ln[l + eys])m1 ©®)
me = In[R] + (gp - EyS)
e o[+ &) (6)
" ln[l + sys]
1
O \my
£ = (A_) @)

_ Oyes " €Xp [m,]

Ay = T )]
e 2 [ot — (oys +K- (Uuts — O'ys))] ©
K(Juts - Jys)
K = 1.5RYS — 0.5R%S — R35 (10)
R=2x (11)
Outs

oys is the engineering yield stress, €, is the
engineering offset strain 0.2% [24], 0, is the
engineering ultimate stress, o is the true stress, &; is
the true strain, m, is the curve fitting exponential
parameter of ferritic steel using 0.60(1.00-R) [24], &,
is the engineering offset strain for the proportional
limit of ferritic steel of 2x107 [24].

600 1

500
/!

400 1

300

True Stress (MPa)

Reinforcement/ Hook bars (SD40) and Angle|

200 confinement (S5540)

wq  [====- Studs (SCM440)

True Strain (mm/mm)

Figure 7: True stress-true strain curve.
2.7.2 Full-depth concrete slab

Among the most widely used constitutive models for
regular concrete in compression and tension [25-29],
the stress—strain diagram proposed by Carreira and
Chu [26] was used to represent the uniaxial
compressive behavior of concrete. The stress—strain
relationship is expressed in Equations (12) to (13).

o Ble/ed)

= — 12
T B 1 G/ 12
1 (13)
ﬁ=7f, forf >1lande g,
1-=
&Ep

where a material parameter  depends on the shape of
the stress-strain curve. Strain at the peak stress g is
commonly taken as 0.002. g, is the ultimate strain of
which a typical value is 0.003 for normal concrete.
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The initial elastic modulus of concrete can be
calculated as £, = 4730,/ f [30].

Tensile behavior of concrete was characterized
by the model developed by Nayal and Rasheed [29] as
shown in Figure 8(a). The ascending branch of the
stress-strain curve is determined through the initial
elastic modulus of concrete. Crack initiation and
growth cause the sudden drop in the curve at the
tensile strain &, corresponding to the peak tensile
stress, followed by two descending branches
indicating primary and secondary cracking stages.
Wahalathantri et al, [31] modified the strain-
softening portions of the stress-strain curve to prevent
FEA run—time errors as illustrated in Figure 8(b). The
responses of NSC in compression and tension
according to the models mentioned above are depicted
in Figure 9(a) and (b), respectively.

Primary
Cracking Stage

Secondary

045f Hf-4-------- » Cracking Stage

(a) (©)
Figure 8: Tensile stress—strain curves proposed by (a)
Nayal and Rasheed [29] and (b) Wahalathantri ef al.

[31].
2.7.3 UHPC shear pocket

The compressive and tensile behaviors of UHPC
significantly differ from those of NSC. The strength
and ductility of the material are influenced by various
factors, including the type and content of fibers [32].
Several analytical models have been suggested for
expressing the stress—strain behaviors of UHPC [33]-
[36]. The models utilized by Li et al., [37] successfully
captured the load-slip curves of studs in UHPC. Due
to the similar UHPC mixture proportion and
compressive strength, as well as the same type of fiber,
the identical models were adopted in the present study
to simulate the stress-strain response (Figure 9). The
equations for compressive and tensile stresses of
UHPC are given as follows in Equations (14) to (15).

o] <)

fivlsemme € >4

Ocy =

(14)

Where f,; is the UHPC compressive strength. & is
defined as € ;;/&¢ iy . Strain of UHPC at the peak stress
g issetat 0.0035. n = Ey y/Ese. , where Ey 5 is the
initial elastic modulus of UHPC and E,,. is the secant
modulus corresponding to the maximum stress.

&y Eoy (Et,u < &)
oy = ft,ufw (&t < &y < &pt) (15)
(1+W/Wp)p (W > 0)

Where f, i is the UHPC tensile strength. ., is the limit
elastic strain and &, is the tensile strain at the ultimate
tensile strength. w is the crack opening. w,, and p are
taken as 1 and 1.08, respectively [37].

140
—— Concrete Slab
120 —— UHPC Pocket

100

Stress (MPa)
o
g

Strain (mm/mm)
(a)

8 Concrete Slab

== UHPC Pocket

Stress (MPa)

A

0
0.000 0.002 0.004 0.006 0.008 0.010

Strain (mm/mum)
(b)
Figure 9: Concrete and UHPC property: (a)
Compression Mode, (b) Tension Mode.

2.8 Concrete damage plasticity model
The concrete damage plasticity model in ABAQUS

standard was performed on the concrete property,
which was a concrete slab and a UHPC pocket. The
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parameter of the yield function and plastic flow was
summarized in Table 4 [21], [30], [38], [39]. A study
on the dilation angle of UHPC investigated values
ranging from 30° to 55°. It was found that a dilation
angle of 55° provided the best agreement with the
experimental results of a UHPC beam test [40]. The
dilation angles for normal-strength concrete (NSC)
were investigated in the range of 30° to 40°. The
results indicate that a dilation angle of 40° can
simulate the experimental behavior with reasonable
accuracy [41]. The dilation angle of 40° represented
the highest and most reliable angle that could be
calculated efficiently without introducing numerical
errors. The stress—strain curve is presented in Figure
9. The parameters of the FE simulation can be
identified as follows.

2.8.1 General

Concrete demonstrates nonlinear behavior, which
includes plasticity and damage. These behaviors lead
to a reduction in both stiffness and strength. The
isotropic damage model in ABAQUS was used to
represent stiffness degradation as expressed in
Equation (16) [42].

o=(-d)E,(e-" (16)
Where o is the stress, ¢ is the total strain, &” is the
plastic strain, E, is the initial elastic stiffness
(undamaged), d is the damage factor, f; is the concrete
strength.

2.8.2 Yield function

The evaluation of the stress of state under tension and
compression in plasticity is performed using the yield
function defined in Equation (17). The yield function
represents the effect of the stress of state in both
tension and compression modes as illustrated in Figure
10(a). The yield function is further detailed in
Equations (17) to (20) [40], [43].

F = L((,—[ —3ap + ﬁ(gpl)(gmax)

11—« ~ .
- V(_ﬁmax» - 56(55
=0

(17)

Where,

(opo/0c0) — 1
a=——;0<a<05
2(0p0/0c0) — 1

(18)

7(&)

B= 7 () l-a)-(1+a) (19)
31 -K) (20
Y=k —1

Omax i the maximum principal effective stress,
Opo/ 0o 1s the ratio of initial equiaxial compressive
yield stress to initial uniaxial compressive yield stress
(the default value is 1.16), K, is the ratio of the second

. . . . g ~pl -
stress invariant on the tensile meridian, £ is the

. . . pl . .
effective tensile cohesion stress, &% is the effective
compressive cohesion stress.

2.8.3 Plastic flow

The plastic flow of the concrete damaged plasticity
model in ABAQUS is defined by a non—associated
flow rule where the flow potential function (G) differs
from the yield function (F). The general flow potential
function used in the model accounts for the effect of
hydrostatic pressure, which is represented by the
Drucker—Prager hyperbolic function, as defined in
Equation Error! Reference source not found. [40], [
43] and illustrated in Figure 10(b). The concrete
damage plasticity (CDP) model in Abaqus
recommends a dilation angle between 30° and 40° [44]

G = \/(eopotany)? + G2 — ptany 2D
Where 1 is the dilation angle in the p—¢q plane, oy is
the uniaxial tensile stress at failure, € is a parameter,
referred to as the eccentricity. The default flow
potential eccentricity is € = 0.1 [31].

\

(b)
Figure 10: Concrete plastic damage model: (a) yield
surface, (b) general plastic flow of the Drucker—Prager
hyperbolic function.

2.8.4 Damage plasticity
The damage plasticity describes the relationship

between the plastic strain without stiffness
degradation (¢*) and the damage factor under tension
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(d;) and compression mode (d.). The damage factor
is governed by a user-defined constitutive law of
concrete material in Equations (22) and (23) [42] and
can be represented in Figure 11.

(1-k)eP -
= et > 22
4= AP+ o/Ey & 20 @2)
P __ _ g€
de = —— (e — &) <0 (23)

&P —(c—&4) +0/Ey’

Where k is proportional to the ratio of cohesion to the
maximum cohesion of the material. In the case of
uniaxial loading, this ratio can be expressed in
Equation (24) [42].

k=—= =—;&20 (24)
& P Cmax f

&P is the plastic strain with stiffness degradation,
P is the plastic strain without stiffness degradation,
d; and d, are the damage factors of tension and
compression.

(a) (b)
Figure 11: stress—strain curve: (a) Concrete tension,
(b) Concrete compression.

Table 4: Concrete property of concrete slab and
UHPC Pocket.

Value
Parameter Concrete UHPC
Slab Pocket
Young’s modulus (GPa) 27.85 41.34
Poisson’s ratio 0.18 0.216
Dilation Angle (deg) 40 40
Eccentricity 0.1 0.1
Fb0/fcO 1.16 1.16
K 0.667 0.677
Viscosity 0.0001 0.0001

2.9 Interaction and boundary conditions

The bonding interface between the concrete and metal
materials was modeled using surface—to—surface
contact with a friction coefficient of 0.4 [37]. This
contact was specifically applied between the shear
pocket surfaces and stud surfaces, between the angle
confinement surfaces and the concrete slab surfaces,
and between the concrete slab surface and the indenter
surface. The friction coefficient of the bonding
interface between the UHPC and concrete materials
was 0.9 according to Eurocode 2 [45], which was
specifically applied between the concrete slab surface
and shear pocket surfaces. The surface—to—surface
contact configuration of the model is shown in Figure
12. The reinforcement and hook bars were assigned as
embedded regions within the concrete slab and shear
pocket. A rigid body constraint was applied between
the reference point and the surface of the stud plate
hole to represent the pin connection (Figure 13).

' i '
(@) (b)
i ' i '

(©) (d)
Figure 12: Surface—to—surface contact between: (a)
the loading steel plate and concrete slab (b) the angle
confinement and concrete slab, (c) the shear pocket
and studs, (d) the shear pocket and concrete slab.

X,

z
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A

z x

Figure 13: Reinforcement embedded region
constraint to the concrete slab and shear pocket.

The mechanical stiffness of the push—off test was
considered in the model, which has a vertical stiffness
of 174.53 kN/mm [19]. The boundary conditions of
the half model were defined using symmetry along the
ZSYMM plane (Ul = UR1 = UR2 = 0) and the
reference point at the stud plate hole was constrained
with XSYMM symmetry (Ul = UR2 = UR3 =0). The
top surface of the indenter was coupled to a reference
point where a vertical displacement was applied. The
boundary conditions are illustrated in Figure 14.

(a) (b)
Figure 14: Boundary conditions: (a) half model
symmetry, (b) loading reference point at the stud plate
hole symmetry.

3 Results and Discussion

3.1 Material validation: Concrete damage plastic of
concrete slab and UHPC

The concrete compressive strength test of a cylinder
for normal concrete material and a cubic for UHPC
material was conducted to validate the material

models in Section 2.7.2, 2.7.3 and 2.8. A comparison
of ultimate strength between the concrete compressive
strength test [19] and finite element (FE) simulations
is presented in Table 5. The difference in ultimate
compressive strength was lower than 2%. The
compressive damage was graphically limited to 30%
of the ultimate compressive strength [31], which
corresponds to a compression damage factor of normal
concrete material (d, = 0.7) and UHPC material
(d, = 0.671). Figure 16 (a) observed cone-shaped
cracking failure for normal concrete material, whereas
UHPC material exhibited shattering and vertical
cracking in Figure 16 (b). The simulation results
showed good agreement with the experimental
observations (

Figure 15).
Table 5: Compressive ultimate strength.
Ultimate Strength (MPa)
Material Compressive FE Diff.
Test [19] Simulation
Concrete 35.1 35.7 1.74%
UHPC 121.1 121.8 0.61%

Figure 15: Failure mode of compressive strength test
at 28 days [19]: (a) UHPC material (b) Normal
concrete.
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. i
)

Figure 16: Failure mode of finite element (FE)
simulations: (a) UHPC material (b) normal concrete.

3.2 Model validation and parametric sensitivity for
push—off test

3.2.1 Element sizes analysis

The element size analysis was performed on specimen
P-4-9x12-U with an eccentricity of 8" under the same
test conditions. This model employed variable mesh
sizes in the region where the concrete slab was in
contact with the UHPC pockets, as described in
section 2.6. Three (3) modes were compared for the
ultimate load as follows: Mode 1 concrete slab
element size 30 mm, Mode 2 concrete slab element
size 20 to 30 mm, Mode 3 concrete slab element size
10 to 30 mm. Finite element (FE) simulations were
developed based on the procedures described in
Section 2.4. The analysis results of each ultimate load
are summarized in Table 6. Mode 1 provided results
most closely matching the experimental test values.
The initial crack at 12 kgf [19] and the subsequent
failure cracks are illustrated in
Figure 17 and
Figure 18, respectively. A comparison with the
experimental results in Figure 19 (a) shows that the
crack pattern of Mode 3 closely resembles that
observed in the test. Moreover, Figure 19 (b) and (c)
present crack patterns for the test samples P-6-12-U
and P-8-12x15-U, respectively. These premature
failures are then wvalidated with the simulation
provided in the following section.

In summary, Mode 1 accurately predicted the
ultimate load, whereas Mode 3 better captured damage
propagation due to local damage, which also resulted

in a lower predicted ultimate load. One possible reason
is that with very fine meshes, the model becomes
overly sensitive to small stress variations in the
stiffness matrix at regions where tension damage
occurs at the front and compression damage develops
at the back. This sensitivity can lead to early
localization of damage or premature element failure,
resulting in an underestimated failure load in the
simulation [7], [8], [46]. Therefore, an element size of
30 mm was selected for further simulations.

DAMAGET

(Awvg: 75%)
+1.000e+00
+9.000e-01
+8.250e-01
+7.500e-01
+6,750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500=-01
+7.500e-02
+0.000e+00

(b) (©)

Figure 17: Tension damage at initial crack: (a) mode 1,
(b) mode 2, (c) mode 3.

+4,583e-02
+01,000+00

(b)

Figure 18: Compressive damage at failure crack: (a)
mode 1, (b) mode 2, (c) mode 3.
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Table 6: Ultimate loads with element size analysis.

. Ultimate Loads (kgf)
Mode Tlementsize — o off FE Diff,
(mm) Test [19]  Simulation
1 30 54.0 1.8%
2 20 t0 30 53 51.8 2.2%
3 10 to 30 48.6 8.3%

a % K-EQZ

Figure 19: Crack patterns of specimen [19] (a) P-4-
9x12-U (b) P-6-12-U (c) P-8-12x15-U.

3.2.2 LVDT measurement location

The location of the LVDT measurement influenced
the slippage and stiffness response of the push-off
simulation in the P-4-9x12-U with an eccentricity of
8" under the same test conditions [19]. Three (3)
measuring points 4", 6", and 8" away from the front
edge were studied as described in Section 2.5. The
results can be summarized in terms of load-slip
comparison as shown in Figure 20. Prior to the initial
crack, the stiffness was found to be linear and
consistent across all conditions. After the initial crack,
the stiffness recorded at the LVDT located at the 8"
eccentricity was noticeably lower than that at the 6"
position, whereas the 4" position demonstrated the

-
5

&

highest stiffness response. This was due to the
eccentricity of the loading, which induced
compressive forces and bending moments on the
specimen. The bending moment led to specimen
deflection, producing greater displacement readings at
the LVDT located farther from the front edge [47].
However, the LVDT positioned at 6" corresponded
well to the load-slip behavior of the experiment and
therefore will be used for this study.

Load (kN)

——Push-off test
==eP-4-9x12-U-LVDT 4"
——P-4-9x12-U-LVDT 6" (Test)
=« P-4-9x12-U-LVDT 8"

100

o 7 3 9 oo 12 3 15 16 17 18 19 20
Displacement (mm)

Figure 20: Load—Slip with different LVDT
locations.

3.2.3 Load location

The push-off analysis was performed on specimens P-
4-9x12-U, P-6-12-U, and P-8-12x15-U, with load
applications at the center and at eccentricities of 6",
8",and 9", as described in section 2.5. The comparison
of load—slip results between the push-off test at
eccentricities of 8" [19] and the finite element (FE)
simulation revealed consistent trends in the initial
stiffness region, with a slight discrepancy observed
after the onset of initial cracking. However, the
ultimate load values obtained from both the
experiments and simulations were in close agreement,
except for the P-6-12-U model, which showed closer
correspondence under the 9—inch off—center loading
condition as illustrated in Figure 21.

The behavior of the push—off simulation can be
explained as follows. The initial linear response is due
to the initial stiffness of both the specimen structure
and the testing equipment. As the loading progresses,
the behavior becomes nonlinear due to the initiation of
tensile damage in the concrete slab, as shown in Figure
22(a) for P-4-9x12-U, Figure 23(a) for P-6-12-U, and
Figure 24(a) for P-8-12x15-U. The maximum strength
is reached when compressive damage causes concrete
crushing in the concrete slab, as illustrated in Figure
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22(b) for P-4-9x12-U, Figure 23(b) for P-6-12-U, and
Figure 24(b) for P-8-12x15-U. In the UHPC pocket,
damage occurs in the form of tensile cracking [48],
[49] around the stud area and debonding at the
interface between the concrete slab and the UHPC
pocket except model P-8-12x15-U, the failure mode is
limited to interface debonding only as shown in Figure
22(c) for P-4-9x12-U, Figure 23(c) for P-6-12-U, and
Figure 24(c) for P-8-12x15-U. The simulation
exhibits the same type of damage as observed in the
experimental test [19], as shown in Figure 19.

[ A S U I E RS U C I A L U 1
Displacement (mm)

(a)

1400
1200

1000

Z w0
=

5 o

100

200

o

[ T P I R
Displacement (mm)

1100

1200

000
z

Zm
3

oM
Displacement (mm)

(c)
Figure 21: Load location of load-slip result: (a) P-4-
9x12-U, (b) P-6-12-U, (c) P-8-12x15-U.
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+2.2508-01 +1.250e-01
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+0.000e +00 +0.000e+00

e .

Damage

Slip

Deformation x3

(c)
Figure 22: Simulation model of P-4-9x12-U: (a)
tension damage of concrete slab, (b) compressive
damage of concrete slab, (c) tension damage of UHPC
pocket.

DAMAGEC
(Avg: 75%)

+2.333e-02
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100008 +00

(b)

Damage

Slip
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(©)

Figure 23: Simulation model of P-6-12-U: (a) tension
damage of concrete slab, (b) compressive damage of
concrete slab, (c) tension damage of UHPC pocket.
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+&
+0.000e +00

(b)

Damage

Slip

Deformation x3

(c)
Figure 24: Simulation model of P-8-12x15-U: (a)
tension damage of concrete slab, (b) compressive
damage of concrete slab, (c) tension damage of UHPC
pocket.

Table 7: Ultimate loads drop

Model Eccentric (in) Ultimate Ultimate
Loads (kgf) Load Drop

P-4-9x12-U Center 105.9
6 64.7 39%
8! 54.0 49%
9 47.4 55%

P-6-12-U Center 142

6 91 36%
8! 75 48%
9 66 54%

P-8-12x15- Center 150.7
U 6 94.5 37%
8! 74.5 51%
9 64.2 57%

Note 1: The push—off test was conducted with the load applied at an
eccentricity of 8" from the specimen’s centerline [19].

The effect of eccentric loading directly resulted
in a reduction of the ultimate load, as summarized in

Table 7. This effect was sensitive to the distance
of off-center loading [50]. At an eccentricity of 9", the
ultimate load decreased by 36% to 57%,
demonstrating a significant reduction in load-carrying
capacity. As the eccentricity increased, the axial force
(Fa) tended to rise, while the shear force (Fv)

correspondingly declined, resulting in a lower load-
carrying capacity under eccentric loading compared to
direct shear loading. Therefore, it is recommended that
the shear pocket design be configured to loads applied
at the center. Whereas in cases with eccentric loading,
the centric ultimate load can be determined by
dividing the modification factors by percentages of
ultimate load drop.

3.3 Shear strength evaluation

The shear strength was conducted on the models
P-4-9x12-U, P-6-12-U, and P-8-12x15-U. The
ultimate loads obtained from the push-offtest [19] and
the FE simulations showed good agreement, with
differences of less than 2%, except for the model of
P-6-12-U, which showed closer correspondence under
the 9" eccentric loading condition. The types of
damage observed in the simulations were generally
consistent with the experimental results, except for
specimen P-6-12-U, which exhibited only concrete
crushing in the slab region. This discrepancy was
attributed to transverse misalignment during testing,
which introduced additional eccentric loading on the
specimen. In the simulation, applying a 9—inch lateral
offset effectively reproduced this condition, resulting
in a close correlation with the observed experimental
behavior. A summary of the comparative results is
provided in Table 8.

Table 8: Ultimate loads and type of damage.
Push-off test

19] Simulation
S 5 S
T oz T & S 3 F
2 £ 3 z 3 z £
= 5 2 % = & 3
S 2 s 2 S &
= § : i =
= =] = =]
=) 5
P-4- 82 53 FDPCC 54.0 FDPCC 1.8
9%x12-U UHPCSC UHPCSC
P-6-12-U 8§ 65 FDPCC 75 FDPCC 13.9
UHPCSC
9 66 FDPCC 1.1
UHPCSC
P-8- 82 75 FDPCC 74.5 FDPCC 0.6
12x15-U

Note 1: FDPCC is the full-depth precast concrete crushing.
UHPCSC is the ultra—high—performance concrete shear cut.

Note 2: The push—off test was conducted with the load applied at an
eccentricity of 8" from the specimen’s centerline [19].
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3.4 Shear strength and eccentric load effect

The effects of shear strength and eccentric loading
were investigated by evaluating the shear force (Fv)
and axial force (Fa) at the ultimate load [51]-[53].
Both forces were extracted at the stud plate of the FE
simulation. The ultimate load obtained from the push—
off test (Fist) Was a combination of the direct shear
force at the center of the FDPC panel only and the
couple shear force due to eccentric loading [19], and
the results were compared with the shear force
provisions (P,) specified in AASHTO LRFD [22]. The
FE simulation results of the push-off test models under
different load locations are presented in Table 9. In all
cases, the ultimate load of the indenter was equivalent

Table 9: Shear strength and eccentric load effect.

to the shear force at the stud plate. Noting that
increasing eccentricity resulted in higher axial forces
(pull-out between studs and a shear pocket). When the
load was applied at the center of the FDPC panel, only
shear force was present, and the axial force was zero.
This condition was used to compare the ratio of shear
force between the push-off test [19] and the AASHTO
LRFD provisions [22], where the simulation results
were found to be lower than both references. This
means that the design based on simulation provides
was more conservative than that obtained from both
the experimental result and the AASHTO LRFD
design equation. Therefore, this design approach
ensures a higher level of safety.

Shear force Shear force of Simulation
Model Eccentric of push-off AASHTO Shear Axial Total Fiest/ Fv P./ Fy
(in)! test [19], Fiet LRFD [22], P, force, Fy force, Fo force, Tiotal
(kgf) (kgf) (kgf) (kgf) (kgf)

C 106 0 106 1.26 1.29
6 65 8 65
P-4-9x12-U 3 133 137 54 12 55
9 47 13 49

C 142 0 142 1.15 1.44
6 91 14 92
P-6-12-U 3 163 205 75 18 77
9 66 19 69

C 151 0 151 1.25 1.82
6 95 16 96
P-8-12x15-U ] 188 274 75 19 77
9 64 19 67

Note 1: C is the center of the FDPC panel.
3.5 Angle confinement effect

The effects of L—angle confinement were considered
on the models P-4-9x12-U, P-6-12-U, and P-8-12x15-
U with a constant eccentricity of 8 inches [19]. The
comparison of the ultimate loads between with and
without L-angle confinement models was
summarized in 10 and represented in Figure 25(a)—(c)
for all three cases. This indicates that the L—angle ring
confinement enhanced the load—slip performance by
approximately 4.8% to 15.1%. The increase in
ultimate load was significantly influenced by the shear
pocket width (Py) as illustrated in Figure 1. A shear
pocket width 9" of P-4-9x12-U increased the ultimate
load by approximately 15% while a 12" width of P-6-
12-U and P-8-12x15-U resulted in an increase of about
5% regardless of the number of studs. Noted that L—
angle confinement with consistent sizes of 25%25x3
mm and two 12—-mm diameter hook bars on each side

of pocket were applied to all specimens and these were
believed to be important factors to effectively increase
shear resistance for the narrow pocket than the wider
ones. Therefore, compatible sizes of L-angle
confinement to the pocket width should be considered
for the FDPC system, and more research studies are
required for design guidelines [54].

In terms of load-slip behavior, the model without
angle confinement exhibited a similar trend to that of
the model with angle confinement, although the
ultimate load was lower (Figure 25). The angle
confinement did not affect the overall load-slip
behavior but contributed only to an increase in the
ultimate load. However, the L-angle confinement
could sustain ductility effectively by around 4.6% for
a cluster of 6— and 8-stud specimens, while highly
effective for 11.1% for the cluster of the 4-stud
specimen as concluded in Table 10.
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Figure 25: Angle confinement effect of load—slip
result: (a) P-4-9x12-U, (b) P-6-12-U, (c) P-8-12x15-
U.

Table 10: Ultimate
confinement effect.

loads and slips of angle

Ultimate Slip
load (kgf) % (mm) %
Model Inc. Inc.
woy s WY
L L
L L
P-4-9x12-U 54.0 469 15.1 13.0 117 11.1
P-6-12-U 75.0 71.5 49 143 136 5.1

P-8-12x15-U 745  71.1 4.8 153 147 4.1

Notes: W/ L = With L-angle confinement.
W/O L = Without L-angle confinement
% Inc. = Percent increase in terms of Strength (S) or Ductility (D).

4 Conclusions

This study developed and validated a finite element
(FE) model to evaluate the structural behavior of Full-
Depth Precast Concrete (FDPC) deck panels with
Ultra—High—Performance Concrete (UHPC) shear
pockets containing large—sized headed studs.
However, high stress concentrations are often
observed around UHPC-filled pockets, necessitating
mitigation by confining with L-angle ring.
Experiment results obtained from push—off tests under
eccentric loading (P-4-9x12-U, P-6-12-U and P-8-
12x15-U) were used to validate Finite Element (FE)
simulations developed in ABAQUS/CAE. The
validated FE models were then used to conduct
parametric studies on shear strength, load—slip
behavior, cracking development, and the effects of L—
angle confinement. The FE model accurately predicted
ultimate shear strength and damage, with the results
being dependent on the selection of an appropriate
mesh size. The model also successfully simulated key
behaviors observed in the experiments, including the
sensitivity of stiffness to LVDT placement and the
significant reduction in load capacity as load
eccentricity increased.

The parametric study further demonstrated that
incorporating L-angle ring confinement enhanced
both shear strength by up to 15% and ductility
increased by 4—11%. However, when analyzed under
centric loading, the model tended to underestimate
shear strength compared to experimental results (15—
20%) and the AASHTO LRFD equation (23-45%).
Overall, the validated FE framework provides a
reliable and efficient analytical tool for predicting the
composite behavior of FDPC deck panels with UHPC
shear pockets. While the results demonstrate strong
agreement with experimental findings, further studies
are recommended to establish practical design and
construction guidelines, particularly under fatigue and
cyclic loading conditions.
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