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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% t07.5% of the main beam length.

Keywords: Curved link-slab; Hingeless arch; Theoretical derivation; Parametric sensitivity analysis.
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 (Chen and Zhuang, 2019; Matt, 1983; Fan, 1984). 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

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202202.0324.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2022 d0i:10.20944/preprints202202.0324.v1

and reduce the life cycle of the bridge (Yao, 2005; Su and Yang, 2005).

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 (1998) 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 . (2008) 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. Based on the internal forces and cracks, a design standard for the FLS was

formulated.

Au and Lam (2013) 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 . (2015) proposed a new bridge

end-slab design method that can increase 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, Y. (2004) 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 (2011) 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.
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Kendall and Keoleian (2008) 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 (2012) applied a new fibre-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 (2014)

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 (2016) proposed an arched link-slab structure suitable

for the deck of hollow slab girder bridges. The numerical simulation was modeled to analyze the mechanical

characteristic of 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, Y. Z and Xu L . (2017) 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.

THEORETICAL ANALYSIS

Overview of CLS
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The structure of reinforced concrete CLS is shown in Fig. 1, which is mainly composed 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 Fig. 1, the ends of the two adjacent SSBs

are connected to achieve continuity and a no-joint deck.

Straight Curved The CLS
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\ \ _ \ L
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(b) Configuration of local rebar connection

Fig. 1. Structure of the reinforced concrete CLS

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.
Because of 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
4
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Fig. 2. Simplified CLS structure

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 Fig. 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, /, is given by
h
I = Ic + Ac (E - hc)z + IsaaE + AsaaE(ha - hc)z + IsbaE + AsbaE(hb - hc)z (1)

where /. = moment of inertia of the concrete section, A, = area of the concrete section, # = height of the
mid-span section, /. = distance from the neutral axis of the combined cross-section to the bottom of the cross-

section, ¢4, Ig, = moments of inertia for steel bar section at the upper and lower edge respectively, A4, Asp =

total area of upper and lower edge steel bars, o, = ratio of the coefficient of the elastic modulus of steel bar
to that of the concrete, and 4, s = distances from the neutral axis of the upper and lower longitudinal bars

to the bottom edge of the cross-section, respectively.
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Fig. 3. Geometry of the neutral axis of the combined section
Change b to B and h1 and h2 to ha and hb

Mechanical Analysis of CLS

Vehicle Loading

Because 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 displacement under vehicle load, due to the

restraint between the beam end structures, the CLS will also produce the same angular displacement, as

shown in Fig. 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, 4H 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
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Fig. 4. Deformation of the beam end structure
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Because the CLS has less restraint on the main girder, ignore the CLS's restraint on the main girder and
approximate a single-span SSB bridge. The structural mechanic's diagram multiplication method is used to
calculate the maximum angular displacement of the beam end as

- garhh- 1){ (qu”} @
where E; = elastic modulus of the main beam at the left end, /= moment of inertia of the main beam section,
P; = vehicle axle load, and /; = distance between vehicle axle load P; and the beam end A.

Because the angular displacement & of the beam end is small when the vehicle is loaded, the longitudinal

displacement value of the CLS is approximated as the arc length 4H of the angular displacement, namely:

0 5 I-cY
AH =—— 7, |H? +| e-—— (3)
180 2

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

y
IEds 2j (1-cosg)Rdg _R(py—singy) (4)
Vo=
jids ZJ'%Rd P
EI 0

When the hingeless arch feet produces relative displacements, as shown in Fig. 2(b), the corresponding

angular displacement 4., horizontal displacement 4. and vertical displacement 43 will occur at the elastic

center O. Solving the unknown force at the center of elasticity, Then

Y=o 20
2]0 ERd
- (f—ys)+2A
P (5)
2f 2 ds+2] Nj ds
X, = 19
2j —Rd
o EI

where X is the bending moment, X 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
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M =X, =Xy, +h =)
M M
e (©)
Ww 1,101
M M
oy =——=
w, I,/h,

The stress o, produced by the axial force X> is given by

0, =2 ™
4,
Therefore, the stresses at points a and b under a load of a mid-span vehicle are given by
O =0,+0; (8)
8
O-qb =0y, 0y

Vehicle Braking Force

An SSB bridge can be regarded as a continuous structural system when the longitudinal 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

F. :Fisz;‘
K.

1

(9)
where £ = vehicle braking force, F; = braking force of each abutment, and K; = integrated thrust stiffness of
the i-th bearing and abutment.

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,

F,
Ay=gr (10)

where A; = horizontal displacement of CLS under braking force. The unknown force at the center of

elasticity is solved as
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X, =0
A
X,=- L
2 R—3 —M+sin cos +i( +sin ¢, cos ) (11)
Il P Py Po Po 74 Do P Po
X,=0

Substituting Eq. (11) into Egs. (7) and (8), the stresses at points a and b on the CLS's upper and lower

surfaces under the vehicle braking force on the right span are given by

O il O4a) =0, +0,
(12)

O'ykb( Oyp) =0y — O

s

Note that under the vehicle braking force on the left span, the CLS's deformation is opposite to that of

the right-span vehicle.

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 é.. In contrast, the structural
deformation is the opposite under a negative temperature gradient, resulting in a counterclockwise angular
displacement 6.

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 § can be obtained:

_La _
9—?TJHT(H)b(H)(H H.)dH (13)
where o = linear expansion coefficient of concrete, which is taken as 1.05x10-/ C, I = moment of inertia of

the main beam section, 7(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
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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:

X1=E1€
Ry,
X.—— 2(ys_f)_2AH
, =
R? ZSin2¢0 . R .
—| ¢y ————+sing, cos g, |+— (¢, +sing, cos 14
E][% Py P03y |+ (g +singy cosa) (14)
1-0
)(3:R3
T (goo —sin ¢, cos %)

Substituting Eq. (14) into Egs. (7) and (8), the stresses at points a and b on the CLS upper and lower surfaces

under the positive (negative) temperature gradient are obtained as

{O-zwa( O-fwa) =0,t0;

G O ) =0 =0
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 A4y is twice the

shrinkage deformation of the single-span main girder, namely:
Ay =2A, =20A,L (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
2aA L
X, = e e L P (17)
£~ %_M_,_Sin(pocosq)o +—(¢O+Sin¢)ocos¢0)
El 2 EA
X;=0

Substituting Eq. (17) into Eqgs. (7) and (8), the stresses at Points @ and b on the CLS's upper and lower surfaces

10
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are given by

{aja( 0,)=0,+0,

oyloy) =0, -0,
Note that when the beam is heated as a whole, the bridge deck has a continuous deformation.
Stress Combination on CLS
The stress formulas of the CLS under vehicle loading, vehicle braking force, temperature gradient, and
overall temperature change were previously derived, and the stresses under the critical load conditions were

combined (MTPRC, 2015). The maximum tensile stress on the CLS upper surface, 0y ;qy o, 1S given by
Otmaxa = Oqa T Oyka T Ofrwa T Tjq (19)

where 0,4, = sum of bending and axial tensile stresses under vehicle load, 6,1, = tensile stress of the right-span
vehicle braking force, o7« = sum of bending and axial tensile stresses under a negative temperature gradient,
and g, = tensile stress under the overall temperature drop.

The maximum compressive stress on the CLS upper surface, 0, ;45 o> 1S given by
Ocmaxa = Ozwa T Ozka T Osa (20)

where o..,~ sum of bending and compressive stresses under a positive temperature gradient, ok~
compressive stress under braking force of the left-span vehicle, and o;.— compressive stress under overall
temperature rise.

The maximum tensile stress on the CLS lower surface, 0y yqx p» 1S given by
Ot maxb = Ozwb + Oyip + Ojp (21)

where o, = sum of bending and axial tensile stresses under a positive temperature gradient, g, = tensile
stress under the braking force of the right-span vehicle, and g = tensile stress under the effect of overall
cooling.

The maximum compressive stress on the CLS lower surface, 0, ;05 b, 1S given by

Ocmaxb = Ogb + Oz + Ofwb + Osp (22)

11
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where o, = sum of bending and compressive stresses under vehicle load, ozx» = compressive stress under the

braking force of the left-span vehicle, gss» = sum of bending and compressive stresses under a negative

temperature gradient, and oy, = compressive stress under the overall heating.

NUMERICAL ANALYSIS OF CLS AND FLS

Project Overview

A two-span prestressed concrete T-shaped simply supported girder bridge was selected 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. Respectively model the actual engineering bridge with FLS and the bridge

with CLS structure and perform the numerical analysis and compare the two link-slab structures. The

longitudinal bridge section and mid-span cross-sectional views are shown in Fig. 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 Fig. 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.

Finite Element Modeling

The bridge substructure is of little significance in analyzing the mechanical performance 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 middle beam of the superstructure of the SSB bridge. The model was divided into a total of

91,173 elements.
12
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Fig. 5. Overall diagram of the simply supported beam bridge

Straight Curved The CLS
reinforcement  reinforcement structure Asphalt concrete pavement

0y | \ . |~ |

150 30 T ehta T B Concrete prvement
_ 304
1000 Transverseéﬁ:%gggl . i
reinforcement —~=——— Main beam
220 —220—
A y

Column

Fig. 6. Schematic of the CLS (unit: mm)

In the overall coordinate system of the model, the X-axis direction is the longitudinal bridge direction,

13
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and the Y-axis direction is the beam height direction. The Z-axis direction is the transverse bridge direction,

and the grid division results are shown in Fig. 7. The concrete structure is simulated by a hexahedral linear

reduction integral unit (C3D8R). The element type used for prestressed steel strands and steel bars is a two-

node three-dimensional truss element (T3D2). The beam end support of the main beam is a plate rubber

support. The support was simulated using a three-way grounding spring element.

Fig.7. Schematic of the main beam mesh

Data Analysis

Since only elastic analysis is 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

modelling 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. Also, 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.

The Second Phase Dead Load

As noted in Fig. 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

decrease from the mid-span to the ends and tends to be gentle. The main tensile stress at the mid-span is 2.61
14
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MPa, 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.
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(a) Principal tensile stress on the upper surface (b) Principal compressive stress on the lower surface
Fig. 8. Stress distribution on link-slab under the second phase dead load

Highway Class I Lane Load

Fig. 9 shows that under the load of the highway Class I lane, 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

15
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principal compressive stress at the mid-span part of -1.02 MPa.
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Fig. 9. Stress distribution on the link-slab under Highway-Class I load

Vehicle Braking Force (Right Span)

Fig. 10 shows that when the braking force of the vehicle acts on the right span of the adjacent main girder,

the upper surface of the FLS is compressed, with the 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, which are both less than the ultimate

strength of concrete, not leading to the link-slab cracking.
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(a) Principal compressive stress on the upper surface  (b) Principal tensile stress on the lower surface

Fig. 10. Stress distribution on link-slab under vehicle braking force on the right-span
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Overall Heating (15°C)

Fig. 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 stress variation small along the CLS. The principal compressive stress at
the mid-span part is -0.45 MPa

Negative Temperature Gradient

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

Fig. 11. Stress distribution on link-slab under global warming

had

<

S
T

6.00 ‘ 1.00

5.00 /\ = FLS | 0-00 W\Nw /\/\AH..;{\/
é@ { \ ——CLS g 1,00 ' =,
§ 4. 00 g -2.00 —=—FLS
2 23,00 CLS
g g
& Z

-4. 00
2.00 E.‘:.::;.Z e —5.00¢ w
. L | 6. 00 | |
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

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

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

Fig. 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.

SENSITIVITY ANALYSIS OF CLS

Many studies have shown that, without changing the bridge type and load conditions, the factors affecting
the CLS mechanical properties 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 1.
By analyzing the CLS's stress conditions under the most unfavourable load factors, the same eight load
conditions were carried out according to MTPRC (2015). According to Table 2, the conditions correspond to
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load Combinations I, I, III, and IV for the ultimate state of the bearing capacity.

Table.1. Load conditions
Numbering Load condition
1 Second Phase Dead Load
Highway I Lane Load
Vehicle Braking Force (Right Span)
Vehicle Braking Force (Left Span)
Overall Cooling 25°C

Overall Heating 15°C

Negative Temperature Gradient

03 AN W kW

Positive Temperature Gradient

Table 2. Load combination conditions

Load Safety Factor?
Load Combination 0ad Salety Factor

DL P C&S CL TG TR&F VBF
I 1.2 1.0 1.0 1.4 0.8x1.4 0.8x1.4 -b
I 1.2 1.0 1.0 0.8x1.4 1.4 1.4 -b
I 1.2 1.0 1.0 1.4 0.8x1.4 0.8x1.4 0.8x1.7
v 1.2 1.0 1.0 0.7x1.4 1.4 1.4 0.7x1.4

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.

Reinforcement Ratio of CLS

Considering that the reinforcement of the pavement of the link-slab on 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 Fig. 13. 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
IVdecreases 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
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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.

Pavement Thickness and Surface Material of CLS

The CLS mechanical performance with asphalt concrete and direct concrete pavements are compared. Let /;

and /. denote the concrete and asphalt surface thicknesses design scheme of CLS, respectively. The design

schemes are shown in Table 3. 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 maximum stresses of the CLS upper and lower surfaces and the CLS stress changes under the

most unfavourable load combinations are analyzed, as shown in Figs. 14 and 15, respectively.

Table 3. Thickness design scheme of CLS (mm)

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

hi h2 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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Fig. 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 concrete the 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 concrete, the pavement thickness of the CLS is reasonable when the value is 15cm to
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20cm. 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.

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 behaviour 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 1 m, 1.5 m,
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 Fig. 16.
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Fig. 16. Curve of the maximum principal tensile stress vs. CLS span

It can be seen from Fig. 16 shows that under the corresponding load conditions, the maximum principal
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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 2m~3m, 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

will also affect 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 5%~7.5% of the main girder length), the main tensile stress on the CLS

upper and lower surfaces tends to be stable and reasonable.

Comparison of Numerical and Theoretical Results

Through parameter sensitivity analysis, the CLS design was optimized, and it was numerically analyzed and

theoretically calculated according to the optimal design plan (see Table 4). 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
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provide a theoretical basis for the design of the CLS.

Table 4. Maximum stresses on the upper and lower surfaces of CLS span

Stress Location Stress Type Stress Value (MPa)

Upper surface Maximum tensile stress Theoretical 1.06
Analysis 0.97

Maximum compressive stress Theoretical -4.50

Analysis -4.14

Lower surface Maximum tensile stress Theoretical 0.86
Analysis 0.80

Maximum compressive stress Theoretical -1.16

Analysis -1.08

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
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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%~T7.5% of the main beam length.
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Notation

The following symbols are used in this paper:

Agq, 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,

e = distance from the bridge support to the beam end,

E; = elastic modulus of the main beam at the left end, -

F. = vehicle braking force,
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F; = braking force of each abutment,

h = height of the mid-span section,

%4, 2, = distances from the neutral axis of the upper and lower longitudinal bars to the bottom edge of the
cross-section, respectively,

=Concrete Surface thickness design scheme of CLS

hi+ h2= Concrete surface thickness and asphalt surface thickness design scheme of CLS, respectively,

h. = 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

1, I.= moments of inertia of the main beam section and the concrete section, respectively,

I; = distance between vehicle axle load P; and the beam end A.

54, I, = moments of inertia for steel bar section at the upper and lower edges, respectively,

K; = integrated thrust stiffness of the i-th bearing and abutment,

/= CLS span length,

L = span of the SSB,

L; = 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

o = linear expansion coefficient of concrete,

a =ratio coefficient of the elastic modulus of steel bar to that of concrete,

Aje , Az , A3 = angular, horizontal, and vertical displacements, respectively,
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AH = longitudinal displacement of the CLS due to the corner of the beam end,

A1, = horizontal displacement of CLS under braking force,

At = difference between the calculated and ambient temperatures when the bridge is closed,

04« = sum of bending and axial tensile stresses under vehicle load,

o4, = sum of bending and compressive stresses under vehicle load,

oyka = tensile stress of the right-span vehicle under the braking force,

oy = tensile stress of the right-span vehicle under the braking force,

oswa = sum of bending and axial tensile stresses under a negative temperature gradient,

o5 = sum of bending and compressive stresses under a negative temperature gradient,

0. = tensile stress under the overall temperature drop,

agj» = tensile stress under the effect of overall cooling,

0-wa= sum of bending and compressive stresses under a positive temperature gradient,

o=w» = sum of bending and axial tensile stresses under a positive temperature gradient,

o-ra = compressive stress under braking force of the left-span vehicle,

oz = compressive stress under the braking force of the left-span vehicle,

0sa = compressive stress under overall temperature rise,

os» = compressive stress under overall heating,

Ot max o = Maximum tensile stress on the CLS upper surface

O max a = Maximum compressive stress on the CLS upper surface

Ot max p = Maximum tensile stress on the CLS lower surface

Ocmaxp = Maximum compressive stress on the CLS lower surface

o5 = stress produced by the axial force Xo,
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6 = angular displacement at the end of the main beam,
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