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Abstract: This paper proposes a curved link-slab (CLS) structure, simplified into a hingeless arch
model, to address the current cracking phenomenon of CLS concrete. The stress formula of the
hingeless arch under various loads is derived based on the classical mechanic’s method. Based on
an actual bridge example, the mechanical properties of CLS are analyzed under different loads and
load combinations. The results show that: (1) the CLS stress is significantly lower than that of the flat
link-slab structure (FLS), (2) its stress values are less than the concrete tensile limit, and (3) the CLS
can effectively solve the concrete cracking phenomenon on the link-slab. The rationality of the stress
formula derived from the simplified model of the hingeless arch is verified using the finite element
method (FEM). The parametric sensitivity analysis shows that variation of the reinforcement ratio of
the CLS has a limited impact on it. Considering both the concrete tensile and compressive limit, the
thickness of the CLS should be 15 cm to 20 cm, and its design span should be about 5% to 7.5% of the
main beam length.

Keywords: curved link-slab; hingeless arch; theoretical derivation; parametric sensitivity analysis

1. Introduction

The flat link-slab (FLS) application at the top of the pier for a multi-span bridge is
common, but it is easy to crack [1-3]. Due to the FLS location, the stress and deformation
are complex, and the engineering quality is difficult to guarantee. The concrete on the
FLS can easily crack, and the cracks aggravate the bridge deck damage, the formation
of potholes, rainwater infiltration, and corrosion of the steel bars. This distress would
seriously affect the strength and durability of the FLS structure and reduce the life cycle of
the bridge [4,5].

To solve the existing problems of the FLS, researchers worldwide have put forward
practical solutions for different issues of bridge decks through long-term experimental
research and engineering practice. Caner and Zia [6] conducted experiments on the FLS
of simply supported beams (SSB), analyzed the mechanical properties of the longitudinal
main beams with different spans and proposed a theoretical FLS design method based on
the three-moment equation. Charuchaimontri and Senjuntichai [7] studied the influence
of various boundary conditions on the FLS, which are usually constructed in Thailand
using a three-dimensional nonlinear finite element code based on the microplane model,
and obtained the load—deflection curve of the FLS. A design standard for the FLS was
formulated based on the internal forces and cracks.

Au and Lam [8] applied the debonding link-slab system to repair the FLS, replaced
the expansion device, and conducted a long-term cyclic loading test. The test results show
that the system meets bridge design requirements under the (service) limit state. Chen
and Abu-Farsakh [9] proposed a new bridge end-slab design method that can increase
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the flexural rigidity of the slab. Then, the authors showed that the newly designed slab
has better performance than the traditional design through the static loading tests. Kim
and Fischer [10] proposed a ductile engineered cementitious composite (ECC) bridge
deck connecting plate. The deflection and fatigue properties of the ECC connecting plate
were experimentally studied. The research showed that the deflection ability of the ECC
connecting plate and the crack width control ability could effectively extend the continuous
service life of the bridge deck. Ahn and Yoon [11] put forward a simplified model of a
monolithic jointless bridge, calculated the internal force of the FLS under temperature
load through FEM, and simplified the theoretical model. The mechanical properties of the
integral jointless bridge under the static load were obtained.

Kendall and Keoleian [12] applied a new composite-concrete material to the FLS. The
results showed that the material has the advantage of not being easily damaged and can
increase the FLS life cycle. Saber and Aleti [13] applied a new fiber-reinforced composite
plastic material to the FLS. It was found that the composite plastic could reduce the corners
at both ends of the main beam. The structure of the composite plastic link-slab has the
advantages of being resistant to damage and easy to repair. Wang and Xie [14] proposed a
new arched link-slab device for bridge decks over piers, which changed the FLS internal
force transmission method. Through loading tests, the authors showed that the structure
could improve the anti-cracking damage of the bridge deck. Wang and Shen [15] proposed
an arched link-slab structure suitable for the deck of hollow slab girder bridges. The
numerical simulation was modeled to analyze the mechanical characteristics of the arched
link-slab. Proper parameters of the arch span and rise were obtained using theory deduction
and numerical calculations. This study verified the effectiveness of the structure of the
hollow slab girder arch link-slab to prevent concrete from cracking. Zhuang and Xu [16]
conducted a theoretical analysis of the FLS. The authors also used numerical analysis
to study the effect of the slab thickness, surface pavement material, and length of the
debonded section on the FLS.

Many experimental studies and engineering practices have shown that various existing
improvement measures can solve the structural defects of the FLS during the operation of
the bridge to a certain extent. Given the macroscopic force characteristics of the FLS, the
present paper proposes a new type of cast-in-place curved link-slab (CLS). Based on the
theoretical derivation and numerical method, the mechanical properties of the CLS and
FLS were analyzed and compared. Furthermore, the design parameters of the CLS were
optimized using parametric sensitivity analysis.

2. Theoretical Analysis
2.1. Overview of CLS

The structure of reinforced concrete CLS is shown in Figure 1, which is mainly com-
posed of longitudinally connecting steel bars, concrete pavement, and asphalt concrete
surface layer. The longitudinal connecting steel bars are distributed on the upper and
lower edges of the concrete pavement. The upper layer has a straight reinforcement, and
the lower layer has curved support. The longitudinal steel bars at the upper and lower
edges connect the bridge deck and the link-slab. As shown in Figure 1, the ends of the two
adjacent SSBs are connected to achieve continuity and a no-joint deck.

2.1.1. Simplified Hingeless Arch Model

The two ends of the CLS are consolidated with the adjacent SSBs. As a result, the
cross-section of the curve structure increases from the dome to the curve foot. The law
is consistent with the change in the internal force of the main curve ring so that each
cross-section of the primary curve ring can exert maximum strength. Due to the relatively
thin thickness of the bridge deck connection and the relatively small sagittal CLS span, the
CLS variable cross-section is simplified to a hingeless arch model for mechanical analysis
(see Figure 2).
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Figure 1. Structure of the reinforced concrete CLS.
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Figure 2. Simplified CLS structure.

2.1.2. Hingeless Arch Section Characteristics

The CLS cross-section is composed of longitudinally stressed steel bars and concrete.
Since the CLS section height varies, the section thickness has its smallest value in the middle
of the span. Consider the mid-span section, as shown in Figure 3, where O, is the neutral
axis of the combined cross-section, Oy, and Oy, are the neutral axes of the upper and lower
edges of the steel bar, and B is the calculated width of the section. Let a and b refer to
the CLS upper and lower surfaces, respectively. Then, the combined sectional moment of
inertia for the CLS mid-span, I, is given by

h 2
I = IC + AC(E - hc) + Isule + Asgl’(E (hu - hc)z + ISble + AszCE (hb - hc)z (1)

where I. = moment of inertia of the concrete section, A. = area of the concrete section,
h = height of the mid-span section, h. = distance from the neutral axis of the combined
cross-section to the bottom of the cross-section, Iy, Iy, = moments of inertia for steel bar
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section at the upper and lower edge, respectively, As;, Ay, = total area of upper and lower
edge steel bars, ar = ratio of the coefficient of the elastic modulus of steel bar to that of the
concrete, and h,, hy = distances from the neutral axis of the upper and lower longitudinal
bars to the bottom edge of the cross-section, respectively.

i 090 g e

Figure 3. Geometry of the neutral axis of the combined section.

2.2. Mechanical Analysis of CLS
2.2.1. Vehicle Loading

As the lower part of the CLS is vacant, the extrusion of the beam end displacement on
the link-slab is avoided. Therefore, when the main beam undergoes an angular displace-
ment under vehicle load, due to the restraint between the beam end structures, the CLS
will also produce the same angular displacement, as shown in Figure 4. In the figure, L; is
the calculated span of the main beam, H is the height of the main beam, 6 is the angular
displacement at the main beam end, AH is the longitudinal displacement of the CLS due
to the corner of the beam end, and [ is the CLS span length, e is the distance from the
bridge support to the beam end, C is the gap between the adjacent main beams, and d is
the distance between the arch foot and the support.

The CLS structure

Mdlll beam

Main beam

"o

0

Figure 4. Deformation of the beam end structure.

As the CLS has less restraint on the main girder, the CLS’s restraint on the main girder
can be ignored and a single-span SSB bridge approximated. The structural mechanic’s
diagram multiplication method is used to calculate the maximum angular displacement of

the beam end as )
L1 NP
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where E; = elastic modulus of the main beam at the left end, I = moment of inertia of the
main beam section, P; = vehicle axle load, and [/; = distance between vehicle axle load P;
and the beam end A.

As the angular displacement 6 of the beam end is small when the vehicle is loaded,
the longitudinal displacement value of the CLS is approximated as the arc length AH of the
angular displacement, namely:

0 I—c\?
_ 2 _
AH 180n\/H + (e . ) 3)

The distance ys from the elastic center to the vault can be calculated by the elastic
center method as

_J F19s _ 2f0¢0 R(1—cos@)Rdp  R(¢o—singo)
£rds 2 [ Rdg Po

Ys 4)

When the hingeless arch feet produce relative displacements, as shown in Figure 2b,
the corresponding angular displacement Aj., horizontal displacement A, and vertical
displacement Az, will occur at the elastic center O. Solving the unknown force at the center
of elasticity, then

Xl — _ 20
2.[0470 FrRdg
— __ 2(f-ys)+2Am
Xy = My? Frp? &)
2 [ F-ds+2 [ $Z-ds
Xg=——10

P x2
2fy° ErRdg

where X is the bending moment, Xj is the horizontal force, and X3 is the vertical force. The
bending moment of the CLS’s vault section and the stress at the upper and lower surfaces
are given by
M=X;—Xp(ys +he— 1)

_ M _ M
90 = Wor = T/70h—he) (6)

- M _ M

%= Wy T Ti/he

The stress o produced by the axial force Xj is given by

_ X2

= 7)

Os

Therefore, the stresses at points 2 and b under a load of a mid-span vehicle are given by

Oga = 0q + 05

®)

Ogb = 0p — Us

2.2.2. Vehicle Braking Force

An SSB bridge can be regarded as a continuous structural system when the longitudi-
nal horizontal force acts on it. In addition to the stress caused by the overall temperature
change, the longitudinal horizontal external force also influences the vehicle braking force
on the safety of the bridge superstructure piers and supports. The braking force of each car
on the continuous SSB bridge is given by

_ EXYK;

F
z Ki

©)

where F, = vehicle braking force, F; = braking force of each abutment, and K; = integrated
thrust stiffness of the i-th bearing and abutment.
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Since the longitudinal horizontal force at the beam end is transmitted through the
CLS and the bearing, the CLS will deform longitudinally under the vehicle braking force.
When the vehicle braking force acts on the right span of the main beam, it can be regarded
as adding a horizontal elongation displacement AL at the right end of the hingeless arch.
That is,

— FZ

LK
where A; = horizontal displacement of CLS under braking force. The unknown force at
the center of elasticity is solved as

A

(10)

X; =0
A
X2 = - ) L
R% (goofzsl?Tq)OJrsinq)o cos <p0>+%(q)o+sinq)o cos @) (11)
X3=0

Substituting Equation (11) into Equations (7) and (8), the stresses at points 2 and b on
the CLS’s upper and lower surfaces under the vehicle braking force on the right span are
given by

Oyka (Ozka) = 0a + 05
(12)
Uykh(Uzkb) =0p—0s

Note that under the vehicle braking force on the left span, the CLS’s deformation is
opposite to that of the right-span vehicle.

2.2.3. Temperature Gradient

Under a positive temperature gradient, the main beam is thermally expanded and
elongated, arched upward, and deflected downward at its end, resulting in a clockwise
angular displacement 6,. In contrast, the structural deformation is the opposite under a
negative temperature gradient, resulting in a counterclockwise angular displacement 6y.

The main girder changes linearly along the girder height under the temperature
gradient and uniformly along the longitudinal and transverse bridge directions. According
to the flat section’s assumption, the main beam’s neutral axis curvature after bending and
deformation under the temperature gradient remains unchanged along the longitudinal
direction, and the neutral axis curvature is § (Shao et al., 2019). Thus, the beam end angular
displacement 6 can be obtained:

_Lia

0= | T(H)b(H)(H - He)dH (13)

where o = linear expansion coefficient of concrete, which is taken as 1.05 x 107°/C,
I = moment of inertia of the main beam section, T(H) = temperature change function
of the main beam section, b(H) = function of the width of the main beam section along the
beam height, H, = distance from the center of the main beam section to the bottom of the
beam, and H = height of the main beam section.

The force law equation is established, and the unknown force at the center of elasticity

is solved as:
X, = L6

~ Reo
2(ys—f)—2A
X =- 3 2sin2 gy | . — HR ; (14)
ET (90— Tsin o cos g +£4 (po-+sin ¢g cos ¢p)
X5 = 1-0

3 .
%((p(ﬁsm 0 €os @)
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Substituting Equation (14) into Equations (7) and (8), the stresses at points 2 and b on
the CLS upper and lower surfaces under the positive (negative) temperature gradient are
obtained as

Ozwa (Ufwa) = 04 + 05
(15)

Ozwh (afzub) =0p—0s

2.2.4. Overall Temperature Change

The overall temperature difference of the environment also has a prominent effect on
the deformation of the bridge structure. The bridge deforms uniformly under the effect of
the overall temperature change. When the overall temperature is higher than the closing
temperature of the bridge deck, the beams elongate, and when the temperature is lower
than the closing temperature, the beams shrink. For a single-span simply supported girder
bridge, when the overall temperature changes uniformly, the deformation of the CLS Ay is
twice the shrinkage deformation of the single-span main girder, namely:

Ay = 2A; = 20AL (16)

where At = difference between the calculated and ambient temperatures when the bridge
is closed, and L = span of the SSB. Then, the unknown force at the center of elasticity is
solved as

X;=0

X, 20/ L

(17)

3 2sin? . .
e ((po—%oq)o-&-sm @0 cos (po> + &5 (@o-+sin g cos gg)

X3 =0

Substituting Equation (17) into Equations (7) and (8), the stresses at points 2 and b on
the CLS’s upper and lower surfaces are given by

O'ja(o'sa) =0, +0s
(18)
Ujb(Ush) =0p—0s

Note that when the beam is heated as a whole, the bridge deck has a continuous
deformation.

2.3. Stress Combination on CLS

The stress formulas of the CLS under vehicle loading, vehicle braking force, tempera-
ture gradient, and overall temperature change were previously derived, and the stresses
under the critical load conditions were combined (MTPRC, 2015) as shown in Table 1 [17,18].

Table 1. Ultimate stress load combination 2.

CLS Position Ultimate Stress Stress Combination

Maximum tensile stress Otmaxa = Oga + Oyka + Ofwa + Oja

Upper surface . .
Maximum compressive stress  Ocpmaxa = Ozwa + Ozkq + Osa

Maximum tensile stress Otmaxb = Tzwb + Oykp + Ojp

Lower surface . .
Maximum compressive stress Temaxb = Ogb + Ozkp + Tfwb + Osp

2 The meaning of the parameters in the above table is shown in the Notation section of this paper.

3. Numerical Analysis of CLS and FLS
3.1. Project Overview

A two-span prestressed concrete T-shaped simply supported girder bridge was se-
lected as the engineering support background to compare the mechanical characteristics of
the CLS and FLS. The bridge has a span of 20 m in a particular area of China. The actual
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engineering bridge with FLS and the bridge with the CLS structure were modeled, the
numerical analysis was performed, and the two link-slab structures were compared. The
longitudinal bridge section and mid-span cross-sectional views are shown in Figure 5. The
CLS is set at Pier 1, and the distance between the adjacent main girder beam ends is 8 cm.
The middle beam is 1.7 m wide, the side beams are 2.025 m wide, and the beam height is
1.5 m. The single bridge deck comprises 7 T-beams, and each main girder is equipped with
two plate rubber bearings. The distance between the center of the support and the edge of
the beam end is 0.22 m. The CLS is shown in Figure 6. The section of the bridge link-slab is
densely arranged with steel bars. The steel bars are HRB335 steel bars with a diameter of
16 mm, and the spacing between the bars is 100 mm.

45000

2500 _, 20000 . 20000 <2000

v |

Expansion joint

Expansion joint

P

River line

@ l @

0

(a) Longitudinal section (unit: mm)

16750/2 |
500 15750/2
100mm thick asphalt concrete pavement
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2% 150mm thick C50 concrete pavement
_

| I

| |

: |

middle beam - 220
o
=
Q

1700 700 1700 700 850

(b) Transverse cross-section (unit: mm)

Figure 5. Overall diagram of the simply supported beam bridge.
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3.2. Finite Element Modeling

The bridge substructure is of little significance in analyzing the mechanical perfor-
mance of the link-slab structure. Therefore, the model bridge only establishes the FLS
and CLS structures. The model numerically analyzes the mechanical performance of the
link-slab under different load conditions. ABAQUS was used to model the single mid-
dle beam of the superstructure of the SSB bridge. The model was divided into a total of
91,173 elements.

In the overall coordinate system of the model, the X-axis direction is the longitudinal
bridge direction, and the Y-axis direction is the beam height direction. The Z-axis direction
is the transverse bridge direction, Since the main objective of this paper was the concrete
pavement layer of the link-slab, the main girder end of the link-slab was refined when
the main girder was gridded so that the analysis of the structure of the link-slab could be
more accurate. The mesh size was 0.4 m along the non-link-slab section, 0.05 m along the
link-slab, 0.05 m in the cross-section of the main beam. The grid division results are shown
in Figure 7. The concrete structure was simulated by a hexahedral linear reduction integral
unit (C3D8R). The element type used for prestressed steel strands and steel bars was a
two-node three-dimensional truss element (T3D2). The beam end support of the main
beam was a plate rubber support. The support was simulated using a three-way grounding
spring element.

e 4

Figure 7. Schematic of the main beam mesh.

ABAQUS needs to give the corresponding intrinsic model for different materials to
reflect the stress—strain relationship between various materials when performing finite
element calculations. In this study, the C50 concrete plastic damage model was used for the
CLS in the calculation model, and the values of the intrinsic model parameters are shown
in Table 2. The ideal elastic-plastic principal structure model shown in Table 3 was used for
the prestressed and common steel bars.



Appl. Sci. 2022,12, 3344 10 of 21
Table 2. Tensile and compressive parameters of the concrete damage-plastic model.
Stressed Behavior Stretching Behavior
Yield Stress (Pa) Inelastic Strain Yield Stress (Pa) Cracking Strain
17,361,738 0 2,528,660 0
24,006,564 0.000149 2,450,951 457 x 107°
28,009,389 0.000332 2,309,468 5.99 x 107°
29,779,435 0.00058 2,151,515 7.44 x 107°
30,049,200 0.000765 1,996,698 8.89 x 107°
28,944,664 0.001097 1,853,135 1.03 x 1074
26,531,242 0.001466 1,723,432 1.17 x 1074
23,785,962 0.001845 1,607,646 1.30 x 1074
21,179,690 0.00222 1,504,758 143 x 1074
18,877,058 0.002586 1,413,382 1.56 x 1074
16,901,892 0.002943 1,332,091 1.68 x 1074
15,224,890 0.00329 1,035,751 227 x 1074
13,802,356 0.003631 852,075.2 2.82 x 1074
12,591,282 0.003965 728,187.4 3.36 x 1074
11,554,251 0.004293 639,087.3 3.88 x 1074
10,660,294 0.004618 571,847 .4 440 x 1074
9,884,318 0.004939 519,203 492 x 1074
9,206,146 0.005257 476,782.3 5.43 x 1074
8,609,569 0.005573 441,803.6 5.94 x 1074
6,721,561 0.006522 412,414.7 6.45 x 1074
3,994,810 0.007495 387,334.8 6.95 x 1074
406,918.3 0.008492 365,650 7.46 x 1074
346,690.3 7.97 x 1074
329,953.2 847 x 1074
315,054.2 8.97 x 1074
301,693.8 9.48 x 1074
278,688.6 1.05 x 1073
268,700.2 1.10 x 1073
Table 3. Parameters of elasto-plastic model of steel bar.
Reinforcing Steel Type Expansion Modulus of Elastic Poisson’s  Plastic Modulus  Plastic Poisson’s
Coefficient  Elasticity (MPa) Ratio (MPa) Ratio
Prestressed steel bars 1.2 x 107 1.95 x 10° 0.3 2.1 x 10° 0
Ordinary reinforcement steel 1.2 x 1075 2.0 x 10° 0.3 2.3 x 10 0

The bearing at the end of the main beam was a plate rubber bearing, and the bearing
was simulated using a three-way grounded spring unit. The thrust stiffness of the bearing
in the transverse and longitudinal directions was calculated as 1429 kN/m, and the vertical
compressive stiffness was 457.6 MN/m.

3.3. Data Analysis

Since only the elastic analysis was performed on this study’s FLS and CLS structures,
only the materials’ elastic modulus, density, and linear expansion coefficient are defined
when setting the material properties in the modeling process. The yield of the steel bar and
the stress—strain relationship of the material change linearly. The elastic analysis process
considers the FLS and CLS results under loading conditions, such as the second phase
dead load, highway class I lane load, vehicle braking force, overall temperature change,
and temperature gradient. Additionally, the comparison and analysis of the FLS and CLS
numerical results are carried out. Given the length of the space, when the vehicle braking
force is on the left span of the main girder, the overall cooling change and the positive
temperature gradient and other load conditions can be used for similar analysis.
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3.3.1. The Second Phase Dead Load

As noted in Figure 8, under the second phase dead load, the FLS produces stress
concentration in the middle of the span. The tensile stress on the upper surface and
compressive stress on the lower surface gradually gently decrease from the mid-span to the
ends. The main tensile stress at the mid-span is 2.61 MPa and the main compressive stress
at the mid-span is —3.81 MPa; both are less than the ultimate strength of concrete. Under
the second phase dead load, for the CLS, the stress on its upper surface and the stress
on its lower surface gradually increases from the mid-span to the two ends, the principal
compressive stress at the mid-span is —0.39 MPa, and the main tensile stress is 0.22 MPa.
The main compressive stress at the mid-span is —0.62 MPa, and the main compressive
stress at the beam end is —1.25 MPa. Since there is no tensile stress in the weak part of the
link-slab, no cracking at this part is expected.

Stress (unit:MPa)

0.00 g

Stress (unit:MPa)
s L
&
o o

|
o
o
=

| |
=
oo o3
o [an]

I

0.00 0.20 0.40 0.60 0.80 1.00 1.20 L.40

Longitudinal Distance (unit:m) Longitudinal Distance (unit:m)

(a) Principal tensile stress on the upper surface (b) Principal compressive stress on the lower surface

Figure 8. Stress distribution on link-slab under the second phase dead load.

3.3.2. Highway Class I Lane Load

Figure 9 shows that under the highway class I lane load, the FLS deformation and
stress mode are similar to the second phase dead load. The tensile stress on the upper
surface and compressive stress on the lower surface gradually decreases from the mid-span
to the ends. The main tensile stress in the mid-span is 3.51 MPa, which is greater than the
tensile limit value of the concrete, so the upper surface of the mid-span part is cracked. The
principal compressive stress at the mid-span is —5.54 MPa. The upper surface stress of
the CLS gradually increases from the mid-span to the end, where the concentrated load
is applied and reaches the maximum at the connection section between the link-slab and
bridge deck. The maximum tensile stress is 1.23 MPa, which is less than the tensile limit
of concrete. The principal compressive stress at the mid-span part is —0.29 MPa. The
lower surface stress change tends to be gentle, almost unchanged, presenting the principal
compressive stress at the mid-span part of —1.02 MPa.

3.3.3. Vehicle Braking Force (Right Span)

Figure 10 shows that when the vehicle’s braking force acts on the right span of the
adjacent main girder, the upper surface of the FLS is compressed, with a main compressive
stress of —0.36 MPa. The lower surface is under tension, experiencing the main tensile
stress of 1.09 MPa. The upper surface of the CLS is under tension, and the stress distribution
gradually increases from the mid-span to the ends. The main tensile stress at the mid-span
part is 0.57 MPa, and the maximum normal stress is 0.57 MPa. The lower surface is also
under tensile stress, and the distribution gradually decreases from the middle of the span
to both ends. The main tensile stress of the middle part of the span is 0.65 MPa. Both of
these values are less than the ultimate strength of concrete, which does not lead to the
link-slab cracking.
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Figure 9. Stress distribution on the link-slab under highway class I load.
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Figure 10. Stress distribution on link-slab under vehicle braking force on the right span.

3.3.4. Overall Heating (15 °C)

Figure 11 shows that when the overall temperature of the bridge superstructure is
increased by 15 °C, the FLS produces stress concentration at the mid-span part, and its
upper surface is under tension. The tensile stress distribution gradually decreases from
the mid-span to the ends and tends to be gentle. The main tensile stress at the mid-span
part is 3.27 MPa, which is greater than the concrete’s tensile limit value, and the cracks
appear on the upper surface in the middle of the span. The lower surface is compressed,
the main compressive stress is —3.91 MPa. The CLS is tensioned on the upper surface of
the mid-span part, and its tensile stress distribution gradually increases from the mid-span
to the ends. The main tensile stress at the mid-span is 0.27 MPa. The principal tensile
stress at the CLS end is 0.59 MPa, which is less than the tensile limit of concrete, where
the lower surface is compressed, with a small stress variation along the CLS. The principal
compressive stress at the mid-span part is —0.45 MPa.

3.3.5. Negative Temperature Gradient

From Figure 12, in the FLS, the principal tensile stress on the upper surface of the
mid-span part is 5.81 MPa, which is greater than the tensile limit of concrete, and cracks
appear. The principal compressive stress on the lower surface is —5.43 MPa. For CLS, the
principal tensile stress on the upper surface mid-span is 1.90 MPa, which is less than the
tensile limit of concrete. The principal compressive stress on the lower surface mid-span is
—0.40 MPa, and the variation range of stress change is small.
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Figure 12. Stress distribution on the link-slab under negative temperature gradient.

This comparison shows that, under different load conditions in the longitudinal
direction of the bridge, the FLS pavement has the most stress change in the middle of the
span where it reaches a peak value. This value is greater than the tensile strength of the
concrete, resulting in cracks on the bridge deck. The CLS structure dramatically reduces the
contact and the squeezing effect of the concrete at the main beam end on the bridge deck,
as well as the stress of the CLS’s concrete pavement. The stress distribution of the CLS

pavement is controlled within the range of concrete strength, thus effectively preventing
the cracking of the bridge deck.

4. Sensitivity Analysis of CLS

Many studies have shown that, without changing the bridge type and load conditions,
the CLS mechanical properties’ factors include reinforcement ratio, pavement thickness,
surface material, and the CLS span. A numerical analysis of different parameters was
conducted to determine the influence on the CLS’s mechanical properties and help optimize
the CLS design. The load conditions are shown in Table 4. By analyzing the CLS’s stress
conditions under the most unfavorable load factors, the same eight load conditions were
carried out according to MTPRC [17,18]. According to Table 5, the conditions correspond
to load combinations I, II, III, and IV for the ultimate state of the bearing capacity.
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Table 4. Load conditions.
Numbering Load Condition
1 Second Phase Dead Load
2 Highway I Lane Load
3 Vehicle Braking Force (Right Span)
4 Vehicle Braking Force (Left Span)
5 Overall Cooling 25 °C
6 Overall Heating 15 °C
7 Negative Temperature Gradient
8 Positive Temperature Gradient
Table 5. Load combination conditions.
Load Load Safety Factor ?
Combination DL P C&S CL TG TR&F VBF
I 1.2 1.0 1.0 1.4 08x14 08x14 -b
I 1.2 1.0 1.0 0.8 x 1.4 14 14 -b
I 1.2 1.0 1.0 14 08x14 08x14 08x17
v 1.2 1.0 1.0 07 x14 1.4 14 0.7 x 14

2 DL = dead load, P = prestressed, C&S = creep and shrinkage, CL = carload (including impact), TG = temperature
gradient, TR&F = temperature rise and fall, and VBF = vehicle breaking force. ® Not applicable.

4.1. Reinforcement Ratio of CLS

Considering that the reinforcement of the pavement of the link-slab on the SSB bridge is
relatively random in the design, this section will analyze the influence of the reinforcement
ratio (0.7%, 1.6%, 2.9%, 3.6%, 4.5%) on the mechanical performance of the CLS without
changing the pavement thickness. The elastic analysis method is used to calculate the
maximum stress on the upper and lower surfaces of the CLS with different reinforcement
ratios under various working conditions and load combinations.

The results are shown in Figure 13. In the figure, SPDL = second phase dead load,
HILL = highway I lane load, RSBF = right span braking force, LSBF = left span braking
force, OC = overall cooling 25 °C, OH = overall heating 15 °C, NTG = negative temperature
gradient, PTG = positive temperature gradient, LC I = load combination I, LC II = load
combination II, LC IIT = load combination III, and LC IV = load combination IV. As noted,
with the increase in the reinforcement ratio, the maximum principal tensile stress and
principal compressive stress on the upper surface of the CLS decrease, the maximum
principal tensile stress of the upper surface under load combination III decreases from
0.97 MPa to 0.59 MPa, and the maximum principal compressive stress on the upper surface
under load combination IV decreases from —4.59 MPa to —3.83 MPa. The maximum
principal tensile stress and principal compressive stress on the lower surface increase.
The maximum principal tensile stress of the bottom surface under load combination II
increases from 0.44 MPa to 0.77 MPa. The maximum principal compressive stress on the
bottom surface under load combination I increases from —0.89 MPa to —1.48 MPa. Both the
upper and lower surface tensile stresses are less than the concrete’s tensile limit. Under the
condition that the thickness of the CLS remains unchanged, the stress change amplitude of
the CLS under different load conditions is small. Therefore, changing the reinforcement
ratio of the CLS has a limited effect on the CLS stress performance.
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Figure 13. Curve of maximum stress vs. reinforcement ratio of CLS.

4.2. Pavement Thickness and Surface Material of CLS

The CLS mechanical performance with asphalt concrete and direct concrete pavements
are compared. Let i; and h; denote the concrete and asphalt surface thicknesses design
scheme of CLS, respectively. The design schemes are shown in Table 6. Schemes 1 to 4 use
an asphalt concrete surface layer and concrete pavement to form a superimposed structure.
Schemes 5 to 8 directly use a concrete paving layer as the overall paving structure. The maxi-
mum stresses of the CLS upper and lower surfaces and the CLS stress changes under the most
unfavorable load combinations are analyzed, as shown in Figures 14 and 15, respectively.

Table 6. Thickness design scheme of CLS (mm).

. Concrete Surface Asphalt Surface . Number of
Thickness . . Rise of Curve .
Design Scheme Thickness Thickness f Reinforcement

hy hy Mesh Layer

1 100 100 30 2

2 150 100 30 2

3 200 100 30 2

4 250 100 30 2

5 100 0 30 2

6 150 0 30 2

7 200 0 30 2

8 250 0 30 2
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Figure 15. The curve of maximum principal tensile stress vs. thickness of CLS with concrete pavement.

As noted, the maximum principal tensile stress of the CLS upper and lower surfaces
with the asphalt concrete pavement and the concrete pavement directly increases as the
thickness of the pavement increases under the corresponding load conditions. Under load
combination I, when the thickness of pavement of CLS increases from 10 cm to 25 cm, the
maximum principal tensile stress on the upper surface of the CLS asphalt concrete pavement
increases from 0.75 MPa to 2.98 MPa, which is close to the concrete tensile limit value. The
maximum principal tensile stress of the upper surface of the CLS concrete pavement is
increased from 2.56 MPa to 5.83 MPa when no asphalt layer is applied, which is greater than
the tensile limit value of the concrete. Under load combination II, the maximum principal
tensile stress of the CLS lower surface increases as the thickness increases from 0.53 MPa to
2.66 Mpa, which is less than the tensile limit of concrete. The maximum principal tensile
stress of the CLS’s lower surface increases with the thickness from 1.71 MPa to 6.72 MPa,
and the range of tensile stress changes partially exceeds the tensile limit of concrete.

The pavement thickness should not be too small as small thickness will affect the
vertical bearing capacity of the continuous structure of the bridge deck and cause premature
damage to the structure. On the other hand, the thickness should not be too large as it
will increase the cost and the overall rigidity of the bridge link-slab. It is not conducive to
structural deformation and affects the structure’s stress. Combined with the tensile limit of
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concrete, the pavement thickness of the CLS is reasonable when the value is 15 cm to 20 cm.
This structure can solve the cracking problem of the link-slab to a certain extent.

Comparing the CLS with asphalt concrete and concrete as the surface pavement, as the
thickness increases, the tensile stresses on the upper and lower surfaces gradually increase.
However, the tensile stress value of the latter is greater than the former when the thickness
is the same. At the same time, to facilitate construction and keep the structure consistent
with the entire bridge deck pavement, it is more reasonable to use asphalt concrete as the
paving layer of the CLS under the same thickness.

4.3. Span of CLS

Without changing the CLS pavement thickness and surface material, appropriately
increasing the span can effectively reduce the bending and tension stiffness of the CLS
structure. This behavior makes the isolation space between the lower part of the link-slab
and the main beam larger, which is beneficial to the coordinated deformation of the beam
end displacement. In this section, numerical analysis is used to evaluate the effect of the
preset curve span length on the CLS’s mechanical properties. The preset span lengths are
807 ,1.5m, 2.0 m, 3 m, and 4 m, which are 2.5%, 3.75%, 5%, 7.5%, and 10% of the main
girder length, respectively. According to the numerical results, the maximum principal
tensile stress of the upper and lower surfaces of the CLS pavement under different loads
and load combinations are shown in Figure 16.
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Figure 16. Curve of the maximum principal tensile stress vs. CLS span.

Figure 16 shows that under the corresponding load conditions, the maximum principal
tensile stress on the upper surface of the mid-span part of the CLS structure of the CLS
decreases with the increase of the curve-shape span. As noted, when the span length
increases from 1 m to 2 m, the maximum principal tensile stress of the upper surface
under load combination I decreased from 2.13 MPa to 0.97 MPa (54.5% difference), while it
decreased from 2.15 MPa to 0.97 MPa (54.9% difference). The maximum principal tensile
stress of the lower surface decreases first and increases as the curve span length increases.
When the span length increases from 1 m to 2 m, the maximum principal tensile stress of
the lower surface increases from 1.45 MPa to 1.47 MPa under load combination II (1.4%
difference), while it decreases from 1.82 MPa to 1.06 MPa (41.7% difference) under load
combination IV.

When the span length is 2 m to 3 m, the main tensile stress value of the CLS upper
and lower surfaces tends to be stable. However, when the span length increases, the CLS
stress does not change significantly, and it also affects the integrity of the CLS, which is not
conducive to the structure’s strength. Therefore, when the CLS span is 2 m to 3 m (about
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5% to 7.5% of the main girder length), the main tensile stress on the CLS upper and lower
surfaces tends to be stable and reasonable.

4.4. Comparison of Numerical and Theoretical Results

The CLS design was optimized through parameter sensitivity analysis, and it was
numerically analyzed and theoretically calculated according to the optimal design plan
(see Table 7). The optimal design parameters are as follows: the asphalt concrete pavement
and concrete pavement of the CLS are 10 cm and 15 cm thick, respectively, the curve span
is 2 m long and is 3 cm high, and the steel bar configuration is 16@10 cm (reinforcement
ratio 2.9%). Table 4 shows that the theoretical results of the CLS are similar to the numerical
analysis estimates. The theoretical results are larger than the corresponding numerical
ones, indicating that the theoretical results are conservative, which is more conducive to
structural safety. It also further verifies the rationality of the stress formula derived from
the simplified model of the hingeless arch, which can provide a theoretical basis for the
design of the CLS.

Table 7. Maximum stresses on the upper and lower surfaces of the CLS span.

Stress Location Stress Type Stress Value (MPa)
Maximum tensile Theoretical 1.06
stress Analysis 0.97
Upper surface -
Maximum Theoretical —4.50
compressive stress Analysis —4.14
Maximum tensile Theoretical 0.86
stress Analysis 0.80
Lower surface - -
Maximum Theoretical —-1.16
compressive stress Analysis —1.08

5. Concluding Remarks

This paper has proposed a new type of CLS structure and has simplified it into
a hingeless arch model. According to the theoretical deduction, the maximum stress
formula for the middle part of the hingeless arch is obtained. The formula is numerically
verified. The FLS and CLS bridge models were established using the finite element software
ABAQUS to analyze and compare them under different load conditions. Based on this
study, the following comments are offered:

1. The design of the CLS enables the link-slab to form an isolation space with the main
girder, which can release the tensile stress in the CLS. In addition, the curve structure
weakens the thickness of the link-slab and reduces its bending, and tensile stiffness
can better adapt to the deformation of the beam end structure and effectively solves
the cracking problem of the link-slab.

2. Since both CLS ends are consolidated with the bridge deck pavement, the CLS is
simplified into a hingeless arch structure. According to the classical mechanical
method, the hingeless arch simplified model is derived based on theoretical deduction.
Formulas are derived for the maximum tension and compression stress on the upper
and lower surfaces of the mid-span part of the link-slab. In addition, the rationality of
the stress formula is verified using the FEM simulation.

3. The sensitivity analysis showed that only changing the CLS section’s reinforcement
ratio has a limited impact on the CLS. The CLS with asphalt concrete pavement is more
reasonable to keep the structure consistent with the overall bridge deck pavement.
Based on the combined concrete tensile and compression limits, the CLS thickness
should be 15 cm to 20 cm, and its design span should be about 5% to 7.5% of the main
beam length.

4. The analysis of the refined model relies only on the two-span deck continuous T-
shape simply supported girder on a straight bridge. However, this model has certain
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limitations regarding bridge type and bridge span diameter. Future research should
address the force analysis of the inclined and curved bridges with different types and
spans of arch deck continuous structure to fully verify the feasibility of the reinforced
concrete arch deck. In addition, in the theoretical derivation and numerical analysis,
only the force conditions of the continuous arch deck structure were calculated for
the second stage constant load, highway class I lane load, vehicle braking force,
overall temperature change, and temperature gradient. Future research should further
analyze the effect of shrinkage, creep, and uneven settlement of the beam end on the
continuous arch deck structure.
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Notation

The following symbols are used in this paper:

Asa, Agp total area of upper and lower edge steel bars, respectively

A area of the concrete section

a,b upper and lower surfaces of the CLS, respectively

B calculated width of the section

b(H) function of the width of the main beam section along the beam height

C gap between adjacent main beams, and d is the distance between the arch foot and
the support

CLS curved link-slab

e distance from the bridge support to the beam end

Eq elastic modulus of the main beam at the left end

F, vehicle braking force

Fj braking force of each abutment

h height of the mid-span section

ok distances from the neutral axis of the upper and lower longitudinal bars to the

a7 bottom edge of the cross-section, respectively

Concrete surface thickness design scheme of CLS

hy, hy Concrete surface thickness and asphalt surface thickness design scheme of
CLS, respectively

he distance from the neutral axis of the combined cross-section to the bottom of the

cross-section
H height of the main beam
H, distance from the center of the main beam section to the bottom of the beam
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moments of inertia of the main beam section and the concrete section,

I I .
respectively
L distance between vehicle axle load P; and the beam end A
L1 moments of inertia for steel bar section at the upper and lower edges,
sar'sb respectively
Kj integrated thrust stiffness of the i-th bearing and abutment
l CLS span length
L span of the SSB
Ly calculated span of the main beam
Pi vehicle axle load
T(H) temperature change function of the main beam section
Ys distance from the elastic center to the vault
« linear expansion coefficient of concrete
ap ratio coefficient of the elastic modulus of steel bar to that of concrete
Aqe, Dye, Dse angular, horizontal, and vertical displacements, respectively
AH longitudinal displacement of the CLS due to the corner of the beam end
Ap horizontal displacement of CLS under braking force
At difference between the calculated and ambient temperatures when the bridge
is closed
Tga sum of bending and axial tensile stresses under vehicle load
Tap sum of bending and compressive stresses under vehicle load
Tyka tensile stress of the right-span vehicle under the braking force
Tykb tensile stress of the right-span vehicle under the braking force
Tfun sum of bending and axial tensile stresses under a negative temperature gradient
T b sum of bending and compressive stresses under a negative temperature gradient
Tia tensile stress under the overall temperature drop
Tib tensile stress under the effect of overall cooling
O zwa sum of bending and compressive stresses under a positive temperature gradient
O zwb sum of bending and axial tensile stresses under a positive temperature gradient
O zka compressive stress under braking force of the left-span vehicle
Okb compressive stress under the braking force of the left-span vehicle
Osa compressive stress under overall temperature rise
Tsh compressive stress under overall heating
Otmaxa maximum tensile stress on the CLS upper surface
Ocmaxa maximum compressive stress on the CLS upper surface
Ctmaxh maximum tensile stress on the CLS lower surface
O cmaxh maximum compressive stress on the CLS lower surface
O stress produced by the axial force X,
0 angular displacement at the end of the main beam
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