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ARTICLE INFO ABSTRACT

Keywords: The structural performance of bridges with full-depth precast slabs relies on the effectiveness of cast-in-place
Full-depjrh precast slab concrete wet joint in transferring forces. These wet joints are formed over interlocking reinforcement bars,
ICJ(I’_In;gCUOH with wet joint detailing being a critical factor in the behavior of slab connections. The reinforcement arrange-

ment should be simple to manufacture, easy to assemble on-site, and ensure the durability and strength of the
connection, which can be optimized by using ultra-high-performance fiber-reinforced concrete (UHPC). This
study investigates the performance of different reinforcement wet joint configurations in connections between
full-depth precast slabs and evaluates their performance using UHPC as wet joint filler material. Experimental
results were selected from the literature to calibrate the behavior of finite element model of the wet joint. Nu-
merical results showed that the UHPC properties contribute significantly to enhance connection performance,
particularly in the anchorage between reinforcement bars, allowing for reduced reinforcement splice length
compared to conventional concrete. Anchorage failure is avoided with a minimum connection length of 200 mm
and a splice length of at least 7.5 times the diameter of the longitudinal bars (dp). Additionally, the use of headed

Numerical simulation
Wet joint detailing

or looped bars in the connection improves reinforcement anchorage.

1. Introduction

The use of full-depth precast concrete slabs in bridge decks has
grown in recent decades due to their advantages over cast-in-place
concrete slabs, such as (i) faster building speed, (ii) greater quality
control of structural elements, (iii) reduced impact on traffic, (iv) more
rational use of natural resources (sustainability) and (v) minimization of
environmental disturbances [1]. In the case of bridge superstructure
composed of precast beams and pre-slabs (Fig. 1a), the volume of
cast-in-place concrete (CIP) is still relatively high. Aiming to reduce CIP
consumption and, mainly, construction time, other systems have grown
around the world based on the combination of precast elements, such as
full precast slabs and beams with integrated slabs (bulb tee girders -
Fig. 1b). However, the performance of this type of system depends
mainly on the design and detailing of the connection region between
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these elements.

Generally, connections using interlocking reinforcement filled with
cast-in-place concrete are adopted between precast elements. An
example of a connection between full-depth precast slabs is shown in
Fig. 2. According to Wang et al. [2], the bearing capacity of these con-
nections is influenced by design variables such as the geometric details
of the connection, the properties of the concrete as a filler material, and
the reinforcement joint/anchorage configuration.

Ultra-high-performance fiber-reinforced concrete (UHPC) has
emerged as an interesting option to fill these connections and for
improving bridge resilience [4]. It presents characteristics such as
higher tensile/crack resistance and better adhesion to the precast slab
[5-7]. Besides, Haber and Graybeal [8] performed static and fatigue
tests on reduced models of precast bridge decks connected by UHPC
connections. The results showed that, due to the higher adhesion
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Fig. 1. a) Cast-in-place concrete for a) precast slabs between girders and b) full-depth precast slabs (bulb tee girders).

UHPC connection

precast slab

Reinforcement

Fig. 2. Example of connection between full precast bridge slabs [3].

strength of UHPC with hardened concrete, failures occurred mainly in
the precast slabs, while the UHPC connections remained intact during
the loading process.

The inclusion of fibers in UHPC also improves the adhesion of the
reinforcement to the concrete in the connection. Steel fibers uniformly
distributed in the matrix improve tensile properties [9]. The use of
UHPC in connections allows reduction of connection widths and mini-
mized cracking at the interface [3].

One of the most critical factors influencing the load-bearing capacity
of connection between precast elements is the detailing of reinforcement
splices. The ideal reinforcement arrangement should be easy to manu-
facture, simple to assemble on-site, and ensure both durability and
structural strength [1]. Typically, non-contact lap-spliced reinforcement
bars are used with different detailing approaches. Among the various
splice types, the most commonly employed is the straight bar splice,
where bars are connected through lap splicing [2]. In this configuration,
reinforcement anchorage is achieved through the bond between the bars
and the connection’s concrete. However, straight bars require a long
splice length to ensure adequate anchorage, which can be impractical in
bridge deck design.

To address this challenge, researchers have explored different rein-
forcement detailing methods to reduce the lap splice length and,
consequently, the overall connection length. One alternative to straight
bars in connections is the use of headed bars, which rely on mechanical
anchorage [10]. In this system, stress transfer occurs primarily between
overlapping headed bars through a series of diagonal compression
struts.

Another alternative is the use of U-shaped (looped) bars [11]. In this
configuration, the bars are bent at 180°, enabling tensile force transfer
from the U-bar to the connection’s concrete, thereby enhancing me-
chanical anchorage. As a result, this approach allows for a reduction in
the overall connection length.

According to Hussein et al. [12], bridge structures, frequently

subjected to traffic loads and environmental actions, experience shear,
tension, compression, and bending moments that act on these connec-
tions. When the primary force transferred between slabs is bending
moment, three possible failure mechanisms can occur in this type of
connection: (i) yielding of the longitudinal reinforcement; (ii) concrete
crushing; and (iii) failure of the reinforcement splice.

The yielding of longitudinal reinforcement determines the flexural
strength of the deck connection. Although concrete crushing is the most
critical failure mode due to its brittle nature, it can generally be pre-
vented through conventional flexural design principles.

Failure around the longitudinal reinforcement splices can occur due
to reinforcement slippage within the connection’s concrete once the
bond stress reaches its limit. Anchorage failure often results from
insufficient lap splice length, frequently leading to the detachment of the
concrete cover along the longitudinal reinforcement. For this reason,
ensuring proper reinforcement splicing is the most crucial aspect of this
type of connection.

2. Research significance

Despite the increasing number of studies on the behavior of full-
depth precast panels using UHPC as filling cast-in-place material,
some limitations can be identified. For instance, the joint width is
frequently large enough to avoid any anchorage failure [8]. In this way,
it is unknown how large the ratio between the joint width that could
trigger the anchorage failure and the one that would be sufficient to
promote a ductile flexural failure mechanism. Despite that, several nu-
merical studies have been published considering a perfect bond between
the reinforcement and the surrounding concrete [13-15] which can
limit the reliability of the results. In other words, no anchorage failure
could be identified using such a modeling approach, which introduces a
bias in the presented results since any tested detailing option would
appear as sufficient to avoid anchorage failure. Therefore, a parametric
study was developed based on a detailed consideration of the bond-slip
properties between the reinforcement and UHPC, providing practical
recommendations for the design of UHPC cast-in-place joints. In sum-
mary, this study proposes a framework for non-linear finite element
analyses that allows for the proper investigation of the influence of
different reinforcement detailing options on the behavior of full-depth
precast joints filled with UHPC. In other words, the proposed
approach includes recommendations on the bond-slip relationships that
should be considered to simulate anchorage failure for such joints when
using limited-width connections.

3. Material modeling
3.1. Concrete

The Total Strain Constitutive Model was employed for both normal
strength concrete (NSC) and Ultra-High-Performance Concrete (UHPC),
based on the Modified Compression Field Theory developed by Vecchio
and Collins [16] and later modified by Selby and Vecchio [17]. The
properties of NSC were utilized for the precast panels, while UHPC was
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Table 1
Constitutive model of NSC.

Parameter Description

Total strain fixed crack

Hordijk [18]

fib Model Code 2010 [19]
Parabolic model[20]

250 Gy, Nakamura and Higai [21]

Cracking model

Tensile stress-crack opening behavior
Tensile fracture energy (Gy)
Compression behavior

Compressive fracture energy (G.)

Table 2
Constitutive model of UHPC.

Parameter Description

Total strain fixed crack
Multilinear curve, Fehling et al. [22]
Thorenfeldt et al. [23]

Cracking model
Tensile stress-crack opening behavior
Compression behavior

used for the wet joint. Table 1 and Table 2 provide the input parameters
for the behavior of NSC and UHPC under both tension and compression,
respectively.

The constitutive models adopted to represent the tensile behavior of
NSC were the Hordijk model [18], and for UHPC, the model by Fehling
et al. [22] was adopted. The curve proposed by Hordijk [18] establishes
a linear-elastic relationship up to the point of maximum tensile strength,
and after cracking, a constitutive law based on fracture energy relates
the normal tensile stress (f) to the normal strain to the crack (¢) that is
used to describe the softening of concrete. The fracture energy (Gy) is
defined as the amount of energy required to propagate a unit surface
crack. The tensile behavior curve proposed by Hordijk [18] is described
by the equation below.

ole) _ (1 + cli) e~ (14¢,%) e 6))
fe Eult Eult

The values of the constants are ¢; = 3 and ¢y, = 6.93 were used. The
value of the ultimate deformation (ey) corresponds to the crack opening
in which the residual tensile strength is zero and is defined by:

Gr

Eult = 5.14hft 2)

In smeared crack models, the bandwidth value (h) defines the length
over which the crack width, w, is distributed at each integration point of
the element. This ensures that the cracking process is independent of the
size of the finite element. The bandwidth value depends on the type of
element, its size, and the integration points and is calculated automat-
ically in the software.

The fracture energy value Gyis calculated from Eq. (3), defined by the
fib Model Code 2010 [19]:

Gy = 73£,%"®|N/mm| 3)

In this study, the model by Fehling et al. [22] was applied to
represent the tensile behavior of UHPC due to considering the effects of
fibers in concrete. The formulation is based on the stress-crack width
relationship according to Eq. (4).

2
w
fiw o (1-27) @
Where Iy is the length of the steel fibers (equal to 13 mm in the reference
experimental program). The total tensile strain can be calculated based
on the crack-opening from the following relationship:

Jo W

w
L T A S 5
& Ec+leq Er -‘rleq ()

Where I, is length related to the finite element size. The behavior of
concrete under compression was simulated using the curve proposed by
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Feenstra [20] for NSC and Thorenfeldt et al. [23] for UHPC, respec-
tively. Both models are available in DIANA FEA. The compression
models were adopted because they best fit the results of the experi-
mental model among the alternatives available in the software. The
stress-strain behavior model proposed by Feenstra [20] is based on
fracture energy and divides the behavior of concrete into three defor-
mation values: €./3 is the deformation at which one-third of the
compressive strength is reached, ¢, is the deformation at which the
compressive stress is equal to the compressive strength and e, is the
ultimate deformation at which the concrete softens completely. These
values were calculated by equation (6).

1f
3= 3 % (6a)
5fe
e ok (6b)
3G
b=t~ hf. (60)
The parabolic curve is therefore described as by Eq. (7):
1 fe
-3 i/Bsesc/g <e<0
fe €~ e e—e3)’
S |1+4—— || -2 ———) seec < & < g3
6(8) = 3 Ec — €c/3 Ec — €3 (7)
272
—fe [1 — <ﬂ> } seg, < € < g
Ec — &3

Osee, < € < g,

The concrete softening in compression is dependent on the crushing
energy G. and the finite element bandwidth of h. According to Naka-
mura and Higai [21] the crushing energy G. can be estimated as 250
times the tensile fracture energy Gr.

The stress-strain behavior model in compression proposed by Thor-
enfeldt et al. [23] is described by the Eq. (8):

& n

o(e) :fCE_c —
Where f. is the compressive strength; ¢ is the compressive strain cor-

responding to the compressive strength; the constants n and k are
defined as:

£ 1see. < <0

n=080:< ; k= (©)
17 0.067 + éseg <e

3.2. Steel

The constitutive model adopted for the reinforcements was the
elastoplastic model with von Mises plasticity criteria. The elastoplastic
model with linear hardening was considered. Bond-slip relationship
between the reinforcement and the surrounding concrete was assumed,
as explained in the next item.

3.3. Bond-slip modeling

Slipping between the steel bars and the concrete is fundamental in
several structural situations of reinforced concrete, such as checking for
possible anchorage failures due to insufficient overlap length [24]. In
numerical simulations, the mechanical behavior of slippage can be
simulated through zero-thickness interface elements. In this study, the
model presented by fib Model Code 2010 [19] was considered for the
longitudinal bars located in the region of the normal strength concrete
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Fig. 3. a) Bond-slip stress model considered for a) NSC according to the Model Code 2010 and b) for UHPC according to Pan et al. [25].

Table 3

Parameters for defining the bond-slip relationship of NSC according to fib Model Code 2010.
1 2 3 4 5 6
Pull-Out Splitting
£s<Esy £5<Esy

Good bond cond. All other bond cond.

Good bond cond.

All other bond cond

unconfined stirrups unconfined stirrups
T 2.5/f, 1.25/f, 0.25 1025 \025 0.25
! Ve Ve 7.0 go( L sl sk
20 20 20
81 1.0 mm 1.8 mm s(ty) s(Ty) s(ty) s(tu)
So 2.0 mm 3.6 mm S1 S1 S1 S1
s3 Celear Celear 125 0.5Cctear 125 0.5Cctear
A 0.4 0.4 0.4 0.4 0.4 0.4
T¢ 0.41, 0.41, 0 0.47, 0 0.47,
Where Celear is the clear distance between ribs.
used in the precast panels (Fig. 3a). p
The parameters for defining the bond-slip properties from NSC are s
presented in Table 3. In this simulation, the splitting failure model was T=17,]1—e (10)

considered due to insufficient concrete cover, smaller than 5dy. For the
flexural test, good bond conditions and confinement due to the existence
of transverse reinforcement in the joint region were considered; from
this, model 4 from Table 3 was chosen to determine the adhesion
behavior.

The model chosen to represent the bond-slip behavior between the
reinforcement and the UHPC is the one proposed by Pan et al. [25],
Fig. 3b, because it presents better agreement with the experimental re-
sults. Furthermore, it considers the parameter of the embedment length
of the bars in the concrete (l,), which is one of the analysis objectives of
this study.

7, = kp/£.(0.426d, — 0.954) (0.267% +0.0913 di + 0.162>
e b

ks = 0.6462+0.1033V; < 1

Where f, is the compressive strength of the concrete; f; is the tensile
strength of the concrete; dj is the rebar diameter; c is the concrete cover;
L is the length of the bar embedded in the concrete; Vyis the volume of
fibers; I; is the fiber length; and dy is the fiber diameter. The bond-slip
model from Pan et al. [25] comprises an ascending section up to the
maximum bond stress (t,) and a descending section, as seen in Fig. 3b.
The ascending section of the curve (0 < S < S) includes the microslip
stage and the interlocking friction slip stage, which is described by:

where a = 0.263 and § = 1.213. For the descending branch (S, < S < Sy),
the bond stress is calculated as:

S S 2 S 3
=7,(1-0252(2 -1 . 2 1) —0002(2 -1
T Tu( 0.25 (su )+0034(su ) 0.00 (Su ))

an
The determination of the ultimate sliding S, that corresponds to the
maximum bonding stress for anchorage failure to occur is defined by:
sy = 0.4w;(140.5V)) <o.293 +0.056 di) 12)
b
Where w, is the width of the ribs of the steel bar, which is considered for
the simulation as equal to 4.8 mm; Vy is the fiber volume (2 %); c is the

concrete cover, and dj is the rebar diameter. The value adopted for the
sliding S; is given by:

S, =0.83S, 13)
In this simulation, s, represents the spacing between the ribs of the
rebar, which was set to 7.9 mm.

4. Validation of proposed modeling framework

In this section, the numerical modeling validation procedure is pre-
sented. First, pull-out tests on UHPC conducted by Soliman et al. [26]
were used to validate the bond-slip model described in the previous
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Fig. 4. Pull-out tests geometry (dimension in mm). Source: Adapted from Soliman et al. [26].
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Fig. 5. a) Finite element model SF-2.5-6 with the respective boundary conditions and mesh discretization; and b) results of bond stress at the reinforcement in the

test SF-2.5-6.

section. Subsequently, flexural tests on wet joints between precast slabs,
performed by Deng et al. [27], were employed for further validation at
the structural level.

4.1. Pull-out tests on UHPC

An accurate bond-slip constitutive model is crucial for representing
possible anchorage failures due to insufficient overlapping length. Based
on that, a specific evaluation of the bond-slip model considered was
conducted using the simulation of pull-out tests.

To ensure the reliability of the numerical analysis, a calibration
phase was performed to adjust the model parameters, enhancing the
agreement between the numerical and experimental results. The bond-
slip model proposed by Pan et al. [25] for UHPC-concrete interfaces
was applied in the simulations, and its performance was validated
through comparison with bar pull-out tests conducted by Soliman et al.
[26]. The test details are presented in Fig. 4.

The UHPC compressive strength is 151.2 MPa, the tensile strength is
7.4 MPa, and the modulus of elasticity is 40 GPa. The yield strength and
ultimate strength of the steel were 414 and 700 MPa, respectively, with
a modulus of elasticity of 200 GPa. The specimen names were desig-
nated as follows: SF stands for straight steel fibers; followed by the cover
thickness (c) and the embedded length of the reinforcement bar (L), both
expressed as multiples of d, where d is the diameter of the bar
(12.7 mm). For example, specimen SF-1.5-3 refers to a test using UHPC
with straight steel fibers, a cover thickness of 1.5d, and an embedded bar
length of 3d.

The numerical model was developed considering eight-node iso-
parametric quadrilateral plane stress elements (CQ16M). The load
application was defined as a prescribed displacement of 0.1 mm across
50 steps, resulting in a total of 5 mm displacement. This 2D approach
was chosen to validate the bond-slip model due to its lower computa-
tional cost and simplicity compared to full 3D simulations. It enables an
efficient preliminary assessment of the bond behavior between the
reinforcement and the surrounding concrete, ensuring that the

constitutive model performs adequately under controlled conditions
before being implemented in a more complex 3D finite element frame-
work. In Fig. 5, the finite element model and the result of the rein-
forcement bar bond stresses are presented, respectively.

Fig. 6 shows the results of the pull-out force-slip curves of the nu-
merical simulations and the experimental tests.

On average, the tests and numerical simulations agree well regarding
the predicted force-slip curves (Shown in Table 4). A closer agreement is
observed in specimens with greater embedment lengths suggesting that
the numerical bond-slip model more accurately captures the load
transfer behavior when the anchorage length is sufficient to distribute
stresses more uniformly along the steel-concrete interface. In these
cases, the bond mechanism is governed predominantly by adhesion and
friction over a longer contact surface, reducing the influence of localized
stress concentrations and premature debonding, which are more diffi-
cult to simulate accurately in shorter embedded lengths.

4.2. Bending panel with UHPC wet joint

Precast concrete slabs with UHPC connections subjected to flexure
were tested in the experimental program developed by Deng et al. [27].
Seven slabs from this work were selected to calibrate the finite element
model. These tests were chosen because they present different design
configurations related to reinforcement ratio, overlapping form and
length of reinforcement. Fig. 7 shows the different connection designed
configurations used by Deng et al. [27].

The experimental program considered slabs with different connec-
tion design options such as (i) joint length per overlap, (ii) detailing of
the type of reinforcement joint in the connection, and (iii) reinforcement
ratio. The details of the models tested by Deng et al. [27] are described
in Table 5.

Group A is a monolithic concrete slab without discontinuity of
reinforcement used as a reference in the experimental program. Groups
B, C, and D were designed to investigate the influence of joint detail and
longitudinal reinforcement ratio on the flexural behavior of the UHPC
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Fig. 6. Comparison between experimental and numerical results of the pull-out tests performed by Soliman et al. [26].

Table 4

Comparison of pull-out strength of experimental and numerical models.
Model Fexp Fuum Fexp/ Frum
SF-1.5-3 36.56 29.53 1.24
SF-1.5-4 42.25 36.97 1.14
SF-1.5-6 51.53 52.28 0.99
SF-1.5-8 64.48 67.27 0.96
SF-2.5-2 48.06 26.54 1.81
SF-2.5-3 62.11 36.23 1.71
SF-2.5-4 69.95 46.02 1.52
SF-2.5-6 80.19 65.31 1.23
AVG 1.32
cov 24.3 %

connection, respectively.

The specimen’s names were designated as follows: connection shape
(R = rectangular); reinforcement splice detail (A = annular; S =
Straight); reinforcement splice length — L (mm); reinforcement ratio
(1.13 % or 1.35 %)”. For instance, specimen RA-332-1.13 refers to the
deck featuring a rectangular section form of the wet joint, along with
longitudinal reinforcements that include annular-shaped overlap rein-
forcement, as illustrated in Fig. 2. Meanwhile, the flexural reinforcement
ratio and the length of lap splice are 1.13 % and 332 mm, respectively.

All slabs are rectangular, with uniform dimensions of
2112 mm x 1000 mm and a thickness of 200 mm. The specimens
featuring the UHPC connection consisted of two precast concrete panels
(PCP), each measuring 850 mm x 1000 mm x 200 mm, with the
connection measuring 412 mm in length. Four-point bending tests were
carried out by Deng et al. to examine the bending moment behavior of
the models. The details of this setup can be found in Fig. 8, which il-
lustrates how the central section remains under a constant bending
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Fig. 7. Geometry of the tested slabs (dimensions in mm): a) Top view; b) cross-section view of the connection or wet joint with straight lap length or overlapping
length; ¢) Annular overlapping of the reinforcement. Source: Adapted from Deng et al. [27].

Table 5
Parameters of the test specimens. Source: Adapted from Deng et al. [27].
Group  Specimen P Overlapping form of Overlapping length
(%) reinforcement L (mm)
A ICBD - - -
B RA- 1.13 Annular 332
332-1.13
RA- 1.13 Annular 354
354-1.13
C RS- 1.13 Straight 120
120-1.13
RS- 1.13 Straight 180
180-1.13
D RS- 1.35 Straight 120
120-1.35
RS- 1.35 Straight 240
240-1.35
moment.

The hydraulic mechanical actuator applies the two vertical loads
close to the joint. The specimens were subjected to monotonic loading
until the element failed. Table 6 describes the properties of the materials
used in the experimental tests. For the precast concrete panels, the
average compressive strength of the concrete was 52.2 MPa, and the
tensile strength and modulus of elasticity were estimated with the ex-
pressions of the fib Model Code 2010 [19].

The average compressive strength f.,, and modulus of elasticity E. of
UHPC were 131.3 MPa and 41.4 GPa, respectively. Approximately
2.5 % by volume of straight steel fibers were used in the UHPC mixture.
The tensile strength of UHPC was estimated from the recommendation
of Fehling et al. [22] presented in Eq. (14).

fzt = 0~33fcm2 (14)

The slab reinforcement consisted of HRB400 steel bars with a
diameter (dp) of 12 mm, arranged longitudinally and transversely. The
concrete cover was 25 mm. A spacing of 150 mm was used for the
transverse bars (p; = 0.8 %) and 100 mm for the longitudinal bars (p; =
1.13 %), except for model D, which used a spacing of 80 mm for the
longitudinal bars (p; = 1.35 %). The yield stress of the reinforcement
was 409.6 MPa.

In the loading simulation, incremental displacement was applied to
represent the hydraulic actuator in the load application region. This
approach allows for a better analysis of the structure’s non-linear
behavior after the post-peak load. In Fig. 9, vertical displacement is
applied of the model using two rigid steel plates. Each plate is 100 mm
wide and 20 mm thick. The displacement is applied in increments of
0.2 mm across 250 steps, resulting in a total of 50 mm displacement.

Rigid steel plates were considered for the two support points, with
the displacement degrees of freedom in the X, y, and z directions
restricted on the left side. Additionally, the displacement degrees of
freedom in the y and z directions of the plate on the right side were also
restricted to create a simple support boundary condition. The degrees of
freedom for rotation were permitted to prevent stress concentrations at
the support.

To represent experimental behavior more accurately, interface ele-
ments (CQ48I) were applied between the precast panels and the support
and loading plates. These elements were also used at the interface be-
tween the precast panels and the UHPC.

For the input data of the interface between the support and loading
plates and the panels, the normal stiffness of 0.4 N/mm?® and tangential
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Fig. 8. Detail of the four-point bending test (dimensions in mm). Font: Adapted from Deng et al. [27].

Table 6 Table 7
Material Properties. Font: Deng et al. [27]. Parameters for interface between UHPC and normal concrete.
Material fy (MPa) fu (MPa) E; (GPa) Parameters Adopted Value Observations
Steel 409.6 552.9 205.8 Constitutive model Discrete Cracking Available in DIANA FEA
Jem (MPa) fer (MPa) E. (GPa) Normal stiffness (K,,) 241,4 N/mm? Prado [29]
PCP 52.2 4.2 37 Tangential stiffness (K,) 161,5 N/mm? Prado [29]
UHPC 131.3 7.75 41.4 Tensile strength (f, ) 4,2 MPa Prado [29]

Carregamento

Carregamento

Tnterface

77

2 Uy=0 N
Uz=0

Fig. 9. Finite element mesh and boundary conditions.

= Au
n
Fig. 10. Brittle cracking behavior. Font: DIANA FEA [28].

stiffness of 1.0 N/mm? were considered, given the interface’s non-linear
behavior. These stiffness values were defined from the calibration with
the experimental model to fit the force-displacement curves.

The interface between UHPC and conventional concrete was
modeled using the discrete cracking interface model with a brittle
cracking criterion, available in DIANA FEA [28]. This approach assumes

Available in DIANA FEA
Available in DIANA FEA

Tensile behavior
Shear behavior

Brittle Cracking
Zero shear traction

a complete loss of tensile strength at the interface once the failure cri-
terion is reached [28], shown in Fig. 10.
Brittle cracking behavior:

fa(Auy,) o {
fe

Table 7 shows the input data of the interface parameters model be-
tween the normal concrete slabs and the UHPC connection. The inter-
face characterization parameters used were obtained from the study by
Prado [29] considering the treatment of the interface with exposed
aggregates.

The solution method adopted was the secant, or Quasi-Newton
method with BFGS formulation, where the tangent stiffness matrix is
calculated using the secant direction between two previous consecutive
solutions, thus allowing an update of the stiffness matrix in each itera-
tion, with lower computational cost than the Newton-Raphson method.
The slabs and plates were modeled using three-dimensional 8-node
finite elements (CHX60), with a mesh density of 8 elements along the
slab thickness and element dimensions of 25 x 25 x 25 mm.

This configuration provided good convergence behavior and reduced
computational time without compromising the accuracy of the results.
Fig. 11 shows a comparison between tested and numerical results in
terms of the force—displacement at the midspan of the tested slabs.

It can be stated from Fig. 11 that the numerical models reproduced
the flexural strength well. By observing the graphs, it can be stated that
the mechanical performance of the models is divided into three stages:
elastic stage, cracking stage, and yielding stage.

To better analyze the mechanical performance of the models, com-
parisons were made between the numerical and experimental results of
the loads at the points of first cracking, steel yielding, and maximum
capacity. The comparison of the load points and displacement ductility
obtained experimentally and with the numerical models in finite ele-
ments is presented in Table 8.

The results indicate that the proposed modeling approach accurately
predicted the flexural strength of the slabs tested by Deng et al. [27].
Besides, the numerical models also predicted that the use of UHPC in the
connection presents a slight increase in the flexural strength capacity in
all cases compared to the monolithic concrete model. The variation in
the type of joint detail and the geometric shape of the connection had
little influence on the flexural capacity. On the other hand, the rein-
forcement ratio significantly influenced the flexural behavior, which

1sedu, <0
0se0 < Au, < ©

(15)
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Specimen ICBD

Specimen RS-332-1.13

Structures 80 (2025) 109798
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Fig. 11. Comparison of mid-span force-displacement curves from experimental and numerical models.
Table. 8
Comparison between experimental and numerical results regarding cracking load PcracL, yielding load Py and ultimate load P,
Model Specimen P, crack,exp P, crack,num P, crack,exp/ P, y.exp P, y,num P, y,exp/ P, uexp P, u,num P, u,exp/
(kN) (kN) Peracke,num (kN) (kN) Py, num (kN) (kN) Py num
A ICBD 87.3 143.2 0.61 252.1 258.1 0.98 325.3 322.1 1.01
B RA-332-1.13 103.8 109.2 0.95 226.0 256.1 0.88 338.2 335.2 1.01
RA-354-1.13 98.1 109.2 0.90 222.8 254.7 0.87 348.2 336.3 1.04
C RS—-120-1.13 101.6 101.2 1.00 228.5 259.4 0.88 327.2 325,3 1.02
RS—-180-1.13 97.2 102.0 0.95 233.6 252.4 0.93 335.4 329.6 1.02
D RS—-120-1.35 116.4 107.0 1.09 267.2 298.2 0.89 399.8 385.4 1.04
RS—240-1.35 115.5 109.2 1.06 316.9 302.2 1.05 403.4 382.0 1.06
AVG 0,96 0,94 1,03
Ccov 17,13 % 8,29 % 1,71 %

was expected according to the flexural theory.

Fig. 12 shows the comparison between the experimental and pre-
dicted cracking pattern by the numerical models for the specimens
tested by Deng et al. [27]. The numerical models accurately represented

the flexural failure mode of the slabs. The locations of cracking identi-
fied in the models closely matched those observed in the flexural tests
conducted by Deng et al. [27]. Notably, there was minimal to no visible
cracking in the areas of the slabs where UHPC was used, both in the
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Fig. 12. Comparison between the experimental and predicted cracking pattern by the numerical models for the tests: a) A-ICBD; b) B-RA-354-1.13; ¢) C-RS-180-1.13

and; d) D-RS-240-1.35.

Table 9
Parameters studied in parametric analyses.

Parameter Tested values

Overlapping length
Wet joint length
Concrete type and
compressive strength
Overlapping of rebar
connection

10dy ; 7,5dp ; 5dp; 2,5db; 0db

300 mm; 200 mm; 150 mm; 100 mm

52,2 MPa (NSC); 110 MPa (UHPC); 131,3 MPa
(UHPC); 150 MPa (UHPC)

Straight; Headed rebar or U-bars

experimental and numerical models.

In the ICBD model, a higher concentration of cracks was observed in
the middle of the span. In the models featuring UHPC connections,
cracks initiated at the interfaces and then developed at the bottom of the

loading point, gradually extending obliquely toward the interface as the
load increased, as observed by Deng et al. [27] in the experimental tests.

5. Parametric analyses

It is proposed to investigate the influence of six parameters that can
guide the detailing of wet joint connections for bridge decks: (i) over-
lapping length of rebars, (ii) wet joint length, (iii) concrete compressive
strength, (iv) type or shape of rebar connection, (v) reinforcement ratio.
In practice, these parameters are some of the most important because
they define the amount of UHPC required to fill the connection and the
amount of reinforcement needed to ensure adequate structural behavior
of the connection. Table 9 presents a summary of the variables studied in
this parametric analysis. Fig. 13 illustrates the design parameters of
various connections for this analysis.

Concrete type and compressive Overlapping 'verlapping

strength of wet joint length reinforcement

\ i} 1
g o \\ t——o o -

200
a a 0 (@] il 0
I ; d
Wet joint length

Fig. 13. Description of the design parameters from UHPC wet joints varied in this study.
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Fig. 14. Influence of the overlapping length of rebars on the a) force—Displacement curve; b) Bonding stress—Displacement of the actuator and c) slip—displacement

of the actuator.
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Table 10
Relationship between the maximum bond stress measured from the numerical
model and the ultimate bond stress inputted in the bond-slip model.

Model Maximum bond stress from Ultimate bond stress /Ty
numerical model 7 (MPa) 7, (MPa)
10d, 4.49 17.35 0.259
(ref)
7.5dy 5.10 17.38 0.294
5d 5.71 17.43 0.328
2.5dp 6.11 17.47 0.350
0d, 6.14 17.52 0.351

For the parametric study, the calibrated numerical model RS-
120-1.13 was selected as the reference for the material and geometric
properties. This model has the following key characteristics: (i) an
overlapping length of 120 mm (10dp), (ii) a flexural reinforcement ratio
of 1.13 %, (iii) a rectangular connection shape, and (iv) straight rein-
forcement at the ends.

5.1. Influence of overlapping length of rebars

Fig. 14a shows the effect of the varied overlapping length on the
force—displacement in the middle of the span graphs. The results indi-
cate that variations in the overlapping length of the reinforcement,
including cases where the length is zero, did not affect the behavior of
the structure when UHPC was used. Consequently, none of the models
exhibited anchorage failure. It should be mentioned that Graybeal
(2014) found good performance by straight rebars with lengths equal to
or less than 8dy for longitudinal joints made of UHPC. The general
suggestion of AASHTO [30] loop spliced is the basic anchorage length.

To further examine the bonding behavior between longitudinal re-
inforcements in the models, the maximum bond stress and the slip at the

300 mm
350 -
300 L e e T ™1
~250 | /
ézoo L /
o —0db
5150 oy ——2.5db
B 100 -,/ 5db
——17.5db
50 10db
0 1 1 1 1 1 1 1 1 1 1 J
0 5 10 15 20 25 30 35 40 45 50 55
Displacement at Mid-Span (mm)
a)
150 mm
350
300
2250 -
=200
g 150 ——0db
S 9 100 F —2.5db
o 5db
3 —75d
0 1 1 1 1 1 1 1 1 1 1 1 J

0 5 10 15 20 25 30 35 40 45 50 55 60
Displacement at Mid-Span (mm)
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reinforcement end were analyzed as a function of the displacement
applied by the hydraulic actuator (Fig. 14b,c). Table 10 shows the
maximum bond stress for each model and their respective ultimate bond
stresses at the wet joint. The analytical model proposed by Pan et al.
[25] was used to evaluate the ultimate bond stress, since the ultimate
stress in this model varies with the anchorage length of the steel bar.
Fig. 14b shows that reducing the splice length results in an increase in
the bond stress of reinforcement. However, the maximum bond stress
obtained is significantly lower than the ultimate bond stress, making it
very unlikely that the reinforcement anchorage failure will occur. The
maximum bond stress reached is 35.1 % of the ultimate bond stress
when reducing the splice to zero. Fig. 14c shows that the relative slip is
small and doesn’t depend significantly on the length of the lap splice.
When using UHPC, the overlap length of reinforcements is reduced due
to the high bond strength.

The maximum bond stress for each model, along with their respec-
tive limit bond stresses at the wet joint, is summarized in Table 10. These
values are calculated based on using the model by Pan et al. [25], which
shows that the ultimate stress varies depending on the length of the steel
bar at the connection point.

The small influence of the length of the reinforcement lap splice is
justified by the long length of the wet joint (412 mm) and the better
tensile strength of UHPC. Thus, the connection, according to the nu-
merical models, is strong enough to transmit the forces between the
precast slabs with little or no overlap length. In this context, it is found
that, considering high-strength concrete, only the variation of the length
of the reinforcement lap splice has little influence on the bending
behavior of the structure due to the mechanical properties and geometry
of the connection. Therefore, it is essential to investigate the variation in
the overlap length for different wet joint lengths.

200 mm
350
300 | T
~250  F
200
© ——0db
5150 g ——2.5db
o= N 5db
100 / ——7.5db
50 10db
0 1 1 1 1 1 1 1 1 1 1 J
0 5 10 15 20 25 30 35 40 45 50 55
Displacement at Mid-Span (mm)
b)
100 mm
350
300
~250 t
200
(]
2150 t+
o
=100 t
50 5db
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Displacement at Mid-Span (mm)

d)

Fig. 15. Load—displacement curve of the slabs considering wet joint lengths of a) 300 mm; b) 200 mm; 150 mm and d) 100 mm.

11



M.A.R. Silva et al.

300mm

20 [ ——

18 F = —0db
<16 F = —2.5db
E 14 | R— 5db
‘;13 = —7.5db
10
@ 8t
T 6
[=}

m 4T
2 B Il
0 - | 1 1 1 1 1 1 1 ' ' J
0 5 10 15 20 25 30 35 40 45 50 55
Displacement of the actuator (mm)
a)
150mm

20 r
§ 15 \
210 F
7
= S ——0db
S 5r | 1| =——2.5db|
m = 5db

0 powoa e | =7.5db|,

0 5 10 15 20 25 30 35 40 45 50 55
Displacement of the actuator (mm)

c)

Structures 80 (2025) 109798

200mm
20 —
- 18 | — B
< 16 — ==
S} —
212 r
S 10
@ 8t
! —odb
5 .l —2.5db
m 5db
271 7.5db
0 —t 1 ' 1 1 1 1 - T I T J
0 5 10 15 20 25 30 35 40 45 50 55
Displacement of the actuator (mm)
b)
100mm
20 r
=
% 15 F
S 10 |
)
= o
s 5r .
@ = 5db
0 I R ey m o w fll— — — —
0 5 10 15 20 25 30 35 40 45 50 55

Displacement of the actuator (mm)

d)

Fig. 16. Bonding stress at the end of the reinforcement in the connection with wet joint lengths of: a) 300 mm; b) 200 mm; ¢) 150 mm; and d)100 mm.

5.2. Influence of the wet joint length

As seen previously, the 412 mm connection length investigated in
the experimental studies by Deng et al. [27] becomes too large, so the
variation in the overlapping length has little influence on the structure’s
behavior. In this way, this item investigates the influence of the length of
the wet joint combined with overlapping length variations. Therefore,
wet joint lengths with UHPC of 300 mm, 200 mm, 150 mm, and
100 mm were selected for this analysis. For each length of wet joint, the
splice length of the bars was varied to identify possible failures due to
reinforcement anchorage. The results of the variation in lap splice length
as a function of the length of wet joint are presented in Fig. 15.

Fig. 15 shows that anchorage failure begins to occur in models with a
wet joint length of 150 mm. If the overlapping length is reduced to
2.5dp, a sharp drop in resistance can be observed with displacement in
the middle of the span of approximately 53 mm. By reducing the lap
splice length to zero, failure occurs much earlier. For a wet joint length
of 100 mm, it is already possible to observe the occurrence of failure for
the largest length of 5dy,.

Fig. 16 shows the bond stress at the end of the longitudinal bars as a
function of the displacement of the hydraulic actuator to verify whether
the failures occurred due to anchoring. The relative slip between the
reinforcement and the UHPC is observed in Fig. 17. Table 11 presents
the results of the maximum bond stress of each model and their
respective ultimate bond stress of the reinforcement in the wet joint
connection with UHPC.

As observed in Fig. 16 and Table 11, the bond stress at the end of the
reinforcement reaches the ultimate bond stress in the models with a wet
joint length of 150 mm using overlapping length of 2.5 d}, and for a wet
joint length of 100 mm using overlapping length of 5 dy,. The anchorage
failure can also be observed in Fig. 17 by the exponential increase in slip
when the limit stress is reached. Therefore, anchorage failure is avoided
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by using a wet joint length of at least 200 mm and a lap splice length of
at least 7.5dp.

According to Graybeal [31], for UHPC with a 2 % fiber content, a
minimum splice length of 8dy, is recommended for steel bars with a yield
strength (fy) below 517 MPa, diameter’s bar greater than 8 mm and
cover thickness (c) is not less than 3dy,. For a cover thickness of 2dy, < ¢
< 3dp, as in the case of the tested numerical models, a length of 10dy, is
suggested. Therefore, the results of the parametric analysis align with
Graybeal [31] recommendations.

It is noteworthy that when the joint length exceeds 200 mm, the
UHPC connections are sufficient to transfer the internal forces between
the different precast slabs, even without any reinforcement overlap, as
the high tensile strength of UHPC significantly enhances the flexural
strength of the section. At this point, the anchorage failure can be sup-
pressed just by providing sufficient reinforcement length embedded in
the wet joint connection.

5.3. Influence of the concrete used in the wet joint

Using the RS-120-1.13 reference model, the influence of the material
used for the wet joint connection was investigated. First, the wet joint
filled by UHPC was compared with the wet joint filled by normal
strength concrete (f, = 52.2 MPa), the same considered for precast slabs,
adopting the same overlapping length of 120 mm (10 dg). The results of
the force—displacement curve is presented in Fig. 18a.

Fig. 18a shows that when using normal concrete in the connection,
the structure fails prematurely, while the model with UHPC demon-
strates a higher bearing capacity. An analysis of the reinforcement bond
stress in the wet joint revealed that the model with f, = 52,2 MPa
quickly reached the ultimate bond stress, which, based on the equations
presented in Table 3, is 7, = 10.10 MPa (Fig. 18b). When this occurs, the
reinforcement anchorage will fail (Fig. 18c). In the model with the
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Fig. 17. Relative slip of reinforcement in the connection with wet joint lengths of a) 300 mm; b)200 mm; c¢) 150 mm; d) 100 mm.

connection with UHPC, the maximum bond stress reached at the end of
the bar in the numerical models is 4.47 MPa, lower than the ultimate
bond stress of 7, = 17.35 MPa.

Fig. 19 and Fig. 20 show the bond stress distribution of the models
with NSC and UHPC in the load steps of the elastic stage at the point
after the first crack and the maximum load, respectively. The curves
show little difference in bond stresses between the connections with
normal concrete and UHPC until the first crack. It can be highlighted
that until the elastic stage, the maximum bond stress values are pre-
dominant at the ends of the bars, and after the first crack, the maximum
stresses occur at the interface of the connection with the precast slabs.

At the maximum load, the bond stresses in the reinforcement of the
normal concrete connection model reach the ultimate bond stress for
conventional concrete, with stress concentration in the length of the lap
splice. However, for the UHPC connection, the shape of the stress dia-
gram remains unchanged after the first crack. This is because the bond
stress is too low to reach the ultimate bond stress.

Fig. 21 and Fig. 22 show the concrete strain and principal
compressive stress directions at the maximum load in the plane of the
bottom reinforcement in the wet joint. Fig. 21a shows that, in wet joint
with normal concrete, a tensile strain is located between lap spliced
reinforcements. However, in the wet joint with UHPC, as shown in
Fig. 21b, the predominant tensile strain is in the interface between
UHPC and precast panels, with a considerably smaller magnitude.
Fig. 22a shows that compression struts are formed in the plane of the
bottom reinforcements in the wet joint with normal concrete. However,
in wet joint with UHPGC, as illustrated in Fig. 22b, it is observed that the
predominant tensile stresses are parallel to the bottom reinforcement.
Therefore, it can be concluded that the formation of struts does not occur
for the model with a wet joint filled with UHPC.
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The absence of bar slippage in the concrete, due to the high tensile
strength of UHPC, is one explanation for this phenomenon. In the wet
joint with a UHPC, pure bending occurs at the overlap, whereas in
conventional concrete, there is a disturbance caused by the anchorage,
which distributes stresses as struts to transfer the load. In UHPC, the
principal stresses resemble those of a beam with continuous reinforce-
ment. As a result, force transfer that would normally arise from rein-
forcement slippage does not occur. This causes uniform tension of the
concrete by the anchorage, ensuring the complete transfer of the tensile
resultant at the joint without the formation of struts.

5.4. Influence of the compressive strength of UHPC

An analysis was performed by varying the compressive strength of
the concrete (f.) used in connection with values of 110 MPa, 131.3 MPa
(reference), and 150 MPa. The modulus of elasticity of UHPC in this
analysis was estimated from the Equation of Guo et al. [32].

E. = 3837./f.

The maximum bond stress between the reinforcement and the UHPC
is also defined from the model by Pan et al. [25]. Table 12 presents the
values used in the numerical analyses performed for each concrete
strength. The results due to the variation in the compressive strength of
the connection are presented in terms of the load—displacement curve at
mid-span. In Fig. 23a shows that the variation in the UHPC strength had
little influence on the flexural behavior of the models. As previously
observed, this result may be related to the large wet joint length with
UHPC. When reducing the concrete’s compressive strength to 110 MPa,
the bond behavior remains similar to the reference model. Fig. 23b
shows that in the model with UHPC of 110 MPa, failure occurred more
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Table 11
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Relationship between the maximum bond stress measured in the numerical model t and the calculated ultimate bond stress t,.

Maximum bond

Ultimate bond

Wet joint length . stress from Anchorage
J(mm) & Overlapping length  Lymerical model sg/is;a;" T/t failure
(MPa)
10d, 5,93 17,51 0,34
7,5d), 6,85 17,56 0,39
300 5dp 7,78 17,63 0,44
2.5dp 8,57 17,71 0,48
0dp 9,25 17,80 0,52
10d,, 8,49 17,74 0,48
7.,5dy 9,71 17,83 0,54
200 5d), 11,27 17,96 0,63
2.5dp 13,25 18,11 0,73
0d) 15,63 18,31 0,85
7,5d,, 12,42 18,05 0,69
150 5dp 14,81 18,23 0,81
2.5dp 18,27 18,27 1,00
0d) 18,60 18,60 1,00
100 5dp 18,47 18,47 1,00
350 12 3
fc=52.2 MPa (N)
300 10 f ——fc=131.3 MPa (UHPC ref) ~25 E!E
250 § s b E:E g 2
Z 200 | Y 2
3 g 6r 515
5 150 2 .1 8, fc=52.2 MPa (N)
100 | 3 B N
© ST TN 2 & os fc=131.3 MPa (UHPC ref)
fc=131.3 MPa (UHPC)
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Fig. 18. Influence of the concrete used for filling the wet joint a) Force—displacement ate mid-sepn curve; b) bond stress at the bar end versus actuator displacement;

¢) bar end slip versus actuator displacement.

quickly than in the reference model of 131.3 MPa, with the failure mode
also being due to insufficient anchorage length of the bars.

Fig. 24 illustrates the influence of the UHPC strength on different wet
joint lengths. In this analysis, the length of the lap splice remained
constant with a 2.5dp. The results indicate that resistance of the
connection was influenced by both the wet joint length and the UHPC
strength. Increasing concrete’s compressive strength, which increases
the concrete’s tensile strength and ultimate bonding stress, normally
improves the anchoring properties of the reinforcement. Therefore,
when the compressive strength was increased from 110 MPa to
150 MPa, the resistance of the model with a wet joint length of 100 mm
was increased by 17,1 %. However, at wet joint lengths greater than
150 mm, there was less influence on the strength of the UHPC.
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5.5. Influence of the type of rebar connection

The type of reinforcement detailing in the connection was investi-
gated by testing the following types of details: straight bars, headed bars,
and U-shaped bars (annular reinforcement). Since the straight bar model
has already shown good anchorage results for the reference model, an
analysis was performed of the variation in reinforcement detail in the
connection of the model with a wet joint length of 150 mm and an
overlapping length of 2.5dp. Fig. 25 shows the details of the type of
reinforcement used in the parametric analysis.

In the model with headed bars (Fig. 25b), the mechanical anchorage
was modeled with solid elements connected to the longitudinal bars to
allow the representation of possible concrete crushing at the ends and
the anchor effect. Interface properties with high rigidity between the
reinforcement head and the concrete were also considered. In the case of
the U-shaped bars, it was not possible to represent the full curve because
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Fig. 19. Reinforcement bond stress distribution for the wet joint with NSC. a) Before the first crack (elastic stage); b) After the first crack; c) Point of maximum load.
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Fig. 21. Concrete strain in the wet joint at the maximum load using a) NSC and b) UHPC as filling material.

of the limited overlapping length (30 mm). In this case, the minimum
bending diameter of 3d; (36 mm) was considered in the reinforcement
curve. At this point, it should be noted that the minimum bend diameter

15

recommended by the normative codes was not respected. Nonetheless,
these bend diameters were derived for use with normal-strength con-
crete and shall be revised for UHPC in future investigations.
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Fig. 22. Plan view direction of the principal compressive stresses in the wet joint connection at maximum load for: a) NSC and b) UHPC as filling material.

Table 12

Main concrete properties considered in the analysis of UHPC strength.

Compressive Tensile strength ~ Modulus of Ultimate bond
strength f, (MPa) ft (MPa) elasticity (MPa) stress 7, (MPa)
110 6,89 40,240 15,88
131,3* 7,75 41,400 17,35
150 8,48 46,990 18,34
" Experimental value
350 r
300
250
é 200
5
5150
o9
100 fc=110 MPa
50 fc=131,3 MPa (ref)
fc=150 MPa
0 1 1 1 J

0 5 10 15 20 25 30 35 40 45 50 55

Displacement at mid-span (mm)

a)

Fig.

26 shows the influence of various reinforcement details in the

load—displacement curve of the slabs. In practice, Fig. 26 shows that
changing the type of reinforcement detail has minimal impact on the
resistance and flexural behavior of the models. This is attributed to the
sufficient length of the wet joint used in this analysis, which increases
the contact area between the reinforcement and the concrete. However,
the brittle failure observed by the straight bars slippage was no longer
observed in the models with the headed bars and the U-shaped bars.

Fig.

27, Fig. 28, and Fig. 29 illustrate the bonding stress distribution

in the reinforcement along the loading history, which is, in the elastic
behavior, at the point of first crack and the maximum load. These figures
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b)

Fig. 23. a) Load—displacement curve for different compressive strength of the UHPC, considering a wet joint length of 412 mm and an overlapping length of 120 mm
(10 dp); b) considering a connection length of 150 mm and an overlapping length of 30 mm (2.5 dB).

—L100
L150
—L1200

— L300

Displacement at mid-span (mm)

a)

0 5 101520 25 30 35 40 45 50 55 60 65

——L100
L150
—L1200

——L300

0 5 10 15 20 25 30 35 40 45 50 55 60

Displacement at mid-span (mm)

b)

Fig. 24. Load—displacement curve for different compressive strength of the UHPC: a) 110 MPa and an overlapping length of 30 mm (2.5 dp); b) 150 MPa and an
overlapping length of 30 mm (2.5 dy).
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¢) U-shaped bars (annular reinforcement)

Fig. 25. Type of rebar connection considered in the numerical models.
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Fig. 26. Influence of the type of rebar connection on the load—displacement
curve of the slabs with a wet joint length of 150 mm.

clearly indicate that using alternative reinforcement details in the wet
joint connection, such as headed bars or U-shaped bars, effectively helps
prevent anchorage failure. In the model with headed bar, the bond stress
at the bar ends is almost zero, while in the model with U-shape bar, it is
almost zero at the curvature. In both cases, the highest probability of
anchorage failure occurs near the interface of the wet joint with precast
concrete. Therefore, the results demonstrate that incorporating different
reinforcement details into the connection can be an effective strategy for
reducing the length of the connection.
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6. Discussions

This paper presented a detailed analysis on the behavior of wet joints
filled with UHPC and overlapping of longitudinal reinforcement.
Compared to previous publications on this field, we highlighted the
importance of a detailed modelling of the bond-slip properties of the
reinforcement to the proper representation of possible anchorage fail-
ures on such joints. Based on that, the proposed modelling strategy may
be applied to simulate other types of connections from bridge deck slabs
using UHPC. Besides that, we investigated in the parametric analyses the
influence of the overlapping length of longitudinal rebars, wet joint
length, concrete type, compressive strength of UHPC and type of rebar
connection. Nevertheless, other important parameters still need to be
investigated in future publications.

For example, the influence of the transverse reinforcement ratio on
preventing splitting failure was not explored in this study. In this
context, Huang et al. [33] already shown that the absence of proper
transverse reinforcement amount would significantly reduce the ulti-
mate capacity of the U-bar joints. Besides, these authors also showed
that increasing the transverse reinforcement amount upon a determined
value was not helpful in promoting the ultimate capacity of specimens.
Therefore, further studies on this topic should be performed to deter-
mine specifical recommendations for each type of reinforcement de-
tailing. Besides, the influence of fatigue loading on the behavior and
capacity of such joints is also another aspect that should be addressed in
future investigations experimentally and numerically.

Regarding the investigation related to the type of rebar detailing, the
presented results demonstrate that the U-shaped bars are effective, even
with narrower joint widths, made of UHPC. The remaining challenges
are ensuring adequate durability (UHPC compaction and rebar cover)
and constructability (the arrangement and installation of looped bars
must be practical and efficient for field construction), while maintaining
accelerated construction features. Nevertheless, crack control and force
transfer mechanisms have been proven effective in combining loop
connections with UHPC.

Between the main current challenges in this kind of bridge is to
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ensure adequate internal forces transfer between the precast slabs using
narrow connections to decrease the amount of UHPC cast in place. In
this context, we observed that even narrower connections than those
tested in the literature could ensure proper anchorage resistance. Be-
sides that, the detailing of the longitudinal rebars is another point of
frequent worry, as the width of the joints is narrow, and U-bars or me-
chanical anchorage would be recommended. Nevertheless, we observed
that the behavior of straight bars will be almost that of mechanically
anchored bars and U-shaped bars if an adequate development length is
provided for the straight bars.

Another practical aspect addressed in this paper was the comparison
between different specimens using normal strength and UHPC as filling
material (Fig. 18). Besides a lower cracking strength, the use of normal-
strength concrete instead of UHPC would require a much larger
connection width to achieve the same ultimate capacity and avoid
anchorage failure. Therefore, the use of UHPC stands out not only in
terms of service behavior but also in decreasing the amount of cast-in-
place concrete, which promotes accelerated bridge construction. Be-
sides that, it shall be noted that using UHPC instead of normal-strength
concrete also reduces the concern with concrete crushing in the joint.

7. Conclusions

This study investigates various ultra-high-performance concrete
(UHPC) connection design configurations for precast slabs with wet
joints through Finite Element Method (FEM) analysis. Numerical models
accurately replicated experimental results, predicting failure mecha-
nisms and load-bearing capacities with an experimental-to-numerical
strength ratio averaging 1.03 and a coefficient of variation of 1.71 %.
Furthermore, as observed experimentally, all numerical models accu-
rately represented the failure mechanism, which was governed by the
yielding of the longitudinal reinforcement in the precast concrete
region.

Additionally, a parametric analysis explored the impact of varying
UHPC connection configurations. The main recommendations are listed
below:

e For models with UHPC and wet joint length of 412 mm, reducing lap
splice length from 10d, to O0d, had minimal impact on flexural
behavior of precast slabs due to UHPC’s high tensile strength. In
these cases, the UHPC would be sufficient to transfer internal forces
between the different precast panels, even without any overlapping
reinforcement. Therefore, for such cases, it would be necessary to
ensure that only a certain length of reinforcement is embedded
within the UHPC connection to avoid anchorage failure.

Bond failure occurred when wet joint lengths were below 200 mm
and overlapping lengths were less than 7.5dp, aligning with Gray-
beal’s [31] recommendations, which indicated the possibilities of
slipping of steel bars when the embedment length is less than 84,.
Slabs with NSC (compressive strength of 52.2 MPa) experienced a
brittle anchorage failure, while UHPC slabs (131.3 MPa) showed a
reduced risk of strut compression failure. Compressive strength
variations of UHPC (110 MPa, 131.3 MPa, and 150 MPa) did not
affect failure mechanisms unless wet joint lengths were reduced to
150 mm and overlapping lengths to 30 mm. In these cases, slabs with
150 MPa UHPC exhibited flexural failure, while lower compressive
strengths (131.3 MPa and 110 MPa) led to anchorage failure.
Reinforcement type influenced failure mechanisms in models with
wet joint lengths of 150 mm and overlapping lengths of 30 mm.
Straight bars caused anchorage failure, while headed bars and U-
shaped bars improved anchorage resistance, enabling potential re-
ductions in wet joint length.

The findings emphasize UHPC’s tensile strength, lap splice length,
and reinforcement type as critical factors in optimizing connection
design and preventing anchorage failure in wet joints for precast slabs
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