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Abstract: The prefabricated hollow-core slab bridge is a common bridge. In prefabricated hollow-core
slab bridges, joints play an important role in connecting prefabricated slabs and ensuring the integrity of
the bridge. However, as the service time of the bridge increases, conventional joints have a large number
of typical diseases that affect the safety and durability of bridges. In this study, a three-dimensional finite
element model of the entire construction phase is established to investigate the development difference
of shrinkage and creep between joints and hollow-core slabs. The effects of vehicle load and temperature
gradient on joints were analysed, the failure mechanism of joints was explored, and a novel joint was
proposed. The results of a nonlinear analysis showed that the novel joint can effectively improve the
mechanical performance of joints and cracks can be effectively controlled. Moreover, the novel joint
solves the problem in that the conventional novel joint cannot be vibrated effectively.
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1. Introduction

Prefabricated hollow-core slabs have many advantages, such as low weight, low cost,
convenient construction, and prefabrication favourability [1-5]. Therefore, they are widely
used in bridge engineering, especially in bridges with spans of 10-20 m.

Cast-in-situ joints are placed between the prefabricated hollow-core slabs, and the cast-
in-situ bridge deck is placed above the hollow-core slabs and joints. The prefabricated
hollow-core slabs, joints, and bridge decks together form an overall structure to bear loads.
Therefore, joints play an important role in the load transfer of the transverse bridge and
overall stiffness of the bridge structure [6—10]. Figure 1 shows the structure of common
joints, which are categorized into three types according to their depth: shallow, medium,
and deep joints.

Cast-in-situ bridge deck Cast-in-situ bridge deck Cast-in-situ bridge deck
Joint N Joint N Joint
\j I C\ D C\ D C\
Hollow-core slab Hollow-core slab Hollow-é(/)re slab
(a) Shallow joints (b) Medium joints (c) Deep joints

Fig. 1. Common forms of joints

The design of these joints has the following drawbacks. As these joints are small
in size, their effective vibration is difficult. Furthermore, these joints are generally only
equipped with hinged reinforcement, which cannot resist the transverse and longitudinal
stress generated by loads, such as vehicles, leading to the formation of cracks. During service
periods, various degrees of defects were observed, the most common being cracking and
concrete shedding of joints (Figure 2a, 2b) [11-15]. When the joints are damaged, the
transverse connection is weakened. This increases the loads on the hollow-core slabs,
and consequently results in the formation of transverse cracks in the slabs (Figure 2c)
and longitudinal cracks in the bridge deck (Figure 2d). These defects greatly reduce the
durability and safety of the bridge [16, 17].

Some scholars have proposed improvements in the mechanical properties of joints to
improve their working performance. Ultra-high performance concrete (UHPC) has excel-
lent mechanical properties such as compression, tension, and toughness [18-20]. Jiang et
al. [21] used UHPC as a joint material to enhance the shear strength. Yuan et al. [22] used
UHPC as a joint grout material, and discussed and compared the mechanical properties
of joints with different connection details. Semendary et al. [23] studied the early-age be-
haviour of a bridge containing partial-depth joints grouted with UHPC and equally spaced
dowel bars. Hussein et al. [24] conducted direct shear, direct tension, and flexural tests on
joints that used UHPC as the grout material. Issa et al. [25] carried out tests using solidifica-
tion grouting, normal temperature solidification grouting, high-temperature solidification
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(a) Cracks of joints [15] (b) Concrete shedding of joints [15]

(c) Transverse cracks of hollow-ore slabs (d) Longitudinal cracks of bridge deck

Fig. 2. Typical disease of joints and hollow-core slabs

grouting, and polymer concrete as joint grout materials. Direct shear, direct tension, and
flexural tests were performed, and polymer concrete was recommended as the material for
grouting joints.

Moreover, the age difference in shrinkage and creep development between prefabricated
hollow-core slabs and post-cast joints may cause cracks. Shi et al. [26] used shrinkage-
compensating cement as a joint grout material and performed experimental and numerical
analyses. The results of both analyses showed that the stresses in the joint made with
shrinkage-compensating cement concrete remained below the cracking threshold under
temperature and shrinkage effects.

At the same time, structural optimisation of joints has also been studied considerably.
Liu and Yang [27] and Wang [28] proposed increasing the thickness of the cast-in-situ
bridge deck and adopted a joint bolt pin to transmit the transverse tensile stress. Annamalai
et al. [29] applied transverse prestressed steel strands to prefabricated hollow-core slabs to
improve the shear resistance of joints and enhance the integrity of the bridge. Yamane et
al. [30] set the transverse diaphragm in a hollow-core slab bridge to allow the transverse
prestressed steel strands to pass through the transverse diaphragm. This can enhance the
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transverse force performance of the bridge and reduce the construction difficulty of applying
transverse prestressed steel strands. The Turner-Fairbank Highway Research Center [21]
designed a diamond-shaped joint, which uses UHPC as the grout material and is equipped
with transverse reinforcement to overcome the disadvantages of longitudinal cracks, as
shown in Figure 3.

Transverse reinforcement
Joint

4N

/
/
/

Hollow-core slab

Fig. 3. Diamond-shaped joint

Zhong [15] conducted a numerical analysis to study the mechanical properties of joints.
The research results showed that hinged and top-connecting reinforcements in joints can
enhance the transverse connection performance of hollow-core slabs; this helps prevent
cracking and improve the durability of the joints, as shown in Figure 4.

Top connecting reinforcement

]

I
| [
T N + Hinged reinforcement

Hollow-core slab

Fig. 4. Reinforced deep joint [14]

Joints play an important role in bridge structures. First, we explored the failure mecha-
nism of the existing joints, considering the effects of concrete shrinkage and creep, vehicle
loads and temperature loads on the mechanical properties of the joints, and then proposed
a new type of joint against the typical diseases described earlier, which is equipped with
steel reinforcement and increased size.

2. Model

2.1. Overview and linear model of bridge

A simply supported prestressed hollow-core-slab bridge has a span of 13 m and width
of 8.5 m. Its vehicle load grade is highway-I. The superstructure is composed of six
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prefabricated hollow-core slabs. The length, width, and height of a single hollow-core slab
is 1296, 124, and 70 cm, respectively, and the thickness of the cast-in-situ bridge deck is
10 cm. Four supports are arranged at the bottom of the single hollow-core slab.

The bottom of the joint between the hollow-core slabs is 1-cm wide. The cross section
of the hollow-core-slab bridge is shown in Figure 5, with joints labeled J1-J5 from left to
right.

50, 750 50,
1 1

Asphalt pavement: 10cm

Anti-collision wall Waterproof layer
Joint Cast-in-situ bridge deck: 10cm

7©U©U©LJ©U©U©K1

Hollow core slab J1
«50'5« 6x124+5x1=749 qBO.SqL

Fig. 5. Cross section of hollow-core slab bridge (Unit: cm)

The hollow-core slab, joints, and cast-in-situ layer of the bridge deck are all made
of concrete with a strength grade of 50 MPa. Each prefabricated hollow-core slab was
configured with 12 prestressed steel strands, and possesses a diameter of 15.2 mm and
elastic modulus of E, = 1.95 x 10° MPa.

The loads considered in the mechanical analysis of the hollow-core slab included the
following: (1) self-weight of the hollow-core slabs (SF1), self-weight of the cast-in-situ
bridge deck and joint (SF2), and self-weight of the asphalt layer and anti-collision wall
(SF3); (2) prestress of hollow core slabs (PS); (3) shrinkage and creep (CS); (4) temperature
gradient (TG); and (5) vehicle load (VL).

Among them, loads (1)—(3) were applied during construction, and loads (4) and (5)
were applied after the bridge was built. Loads (1) and (2) were applied according to the
corresponding weight, and the introduction of loads (3)—(5) is detailed in Section 2.2.

A three-dimensional finite element model of a hollow-core-slab bridge was established
with eight-node solid elements. The model comprises a total of 299,946 nodes and 278,176
elements.

Four stages were adopted to analyse the mechanical behaviour of joints, and the con-
struction period from stage i to stage iii is assumed to take 120 days:

Stage i: Activate the hollow-core-slab structure. Apply loads SF1 and PS. The bulk
density of the prefabricated hollow-core slab is 26 kN/m?, and the prestressed tensile stress
of the steel strand is 1395 MPa. Note that the hollow-core slabs at this stage have a certain
age, such as 15 or 30 days.

Stage ii: Apply the self-weight of the cast-in-situ bridge deck and joints SF2 (4.35
kN/m?) on the prefabricated hollow-core slabs. Because the concrete of the joints and
cast-in-situ bridge deck has no strength when just poured and cannot bear the load, its
self-weight is applied to the prefabricated hollow-core slabs in the form of wet weight.
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Stage iii: Activate the structure of the joints and cast-in-situ bridge deck, and then
apply load SF3 and CS. SF3 includes an anticollision wall (16 kN/m?) and asphalt layer
(2.4 kN/m?), as shown in Figure 6a.

Stage iv: Apply VL and TG, as shown in Figure 6b.

Hollow-core slab

Hollow-core slab

(a) Stage iii (b) Stage iv

Fig. 6. Model of hollow-core slab bridge

2.2. Load
2.2.1. Shrinkage and creep (CS)

In practice, after the hollow-core slab is prefabricated, the hoisting process could begin
after dozens or even hundreds of days. During this period, the CS of the prefabricated
hollow-core slabs could develop. Therefore, the difference in the development of CS
occurs between the concrete of the prefabricated hollow-core slabs and the joints and
bridge deck, the concrete of which is cast in place after the prefabricated hollow-core slabs
are hoisted [31-35]. The difference in CS development between the different structures is
an important reason for joint failure.

Shrink. When concrete hardens in air, its volume decreases. This phenomenon is called
concrete shrinkage, and is is generally considered to be due to shrinkage of gel and water
loss. The final shrinkage strain of ordinary concrete is approximately (1 —5) x 104, which
is three to five times the peak strain of its axial tension. Shrinkage is the main reason for
the development of internal micro-cracks and external macro-cracks. The shrinkage strain,
&cs, of concrete can be calculated according to Equation (2.1) [36]:

2.1 Ecs(t,15) = EcsofBs (t — 1)

where: ¢t — shrinkage development time, #; — age of concrete at the beginning of shrinkage,
&cso — nominal shrinkage coefficient, 8 — development coeflicient of shrinkage related to
time.

Creep. Under long-term continuous stress, the phenomenon in which the deformation
of concrete increases with time is called creep. This phenomenon could occur because
of two reasons. On the one hand, the cement gel in the concrete generates viscous flow
under the load and gradually transfers its pressure to the aggregate particles. This causes an
increase in the compressive stress of the aggregate, which in turn causes an increase in the
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deformation of the concrete specimen. On the other hand, the microcracks in the concrete
continue to develop and increase under long-term loads. Creep is an important deformation
performance of concrete under long-term loads. Creep causes stress redistribution between
structures, increases the deformation of the compression zone of the flexural member,
and increases the deflection of the flexural member. Creep coefficient of concrete can be
calculated according to Equation (2.2) [36]:

(2.2) @(t,t0) = @o - Be(t — 1)

where: 79 — loading age of concrete, r — age of the concrete, ¢(t,#y) — creep coeflicient
when the loading age is 7 and the concrete age is 7, ¢o — nominal creep coefficient, 5. —
coefficient of creep development with time after loading.

Figure 7 shows the longitudinal normal stress of joint J1 at the midspan section in stage
iii when the ages of prefabricated hollow-core slabs are 15 days, 30 days, 90 days, 120
days, 1 year, and 2 years.

3D ELEMENT STRESS
SYY N2

(d) Age of 120 days (e) Age of 1 year (f) Age of 2 years

Fig. 7. Longitudinal normal stress of J1 at mid-span section (unit: MPa)
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As shown in Figure 7, after stage iii, entire sections of the joints of the prefabricated
hollow-core slabs of different ages are under tensile stress. The tensile stress of joints is
relatively high, and it tends to increase with age. Therefore, the bottom of the joints will
inevitably crack after stage iii.

Figure 8 shows an elevated view of the longitudinal normal stress of joint J1 at 120
days. The joints at J1 and other positions show the same tendency; except for the supporting
position, the distribution law and numerical value of the joints along the longitudinal bridge
are consistent with the midspan section shown.

8

ELEVENT STRESS
VY Nirer2

s

Centerline of the bridge |

= g i F 25
k\ | i 10 7Ex,
Support 1 .

Fig. 8. Semi-elevation view of longitudinal normal stress of J1 (unit: MPa)

2.2.2. Temperature gradient (TG)

The temperature gradient causes longitudinal and transverse tension of the joint; this is
an important reason for the cracking of the joint.

Under the action of a positive temperature gradient, apart from the compressive stress
on the bottom of the joints, the joint mainly undergoes tensile stress. The compressive
stress of the positive temperature gradient at the bottom of the joints can play a certain role
in restraining the development of cracks, but its effect is not significant. The tensile stress
in the middle part, after being combined with other loads, can play an important role in
the propagation of cracks from the bottom to the top. If a negative temperature gradient is
applied, the stress distribution is opposite to the positive temperature gradient, and the stress
value is approximately —0.5 times the stress value of the positive temperature gradient.
In comparison, a positive temperature gradient is more unfavourable for the failure of the
joint.

In the analysis, the temperature gradient was taken from 0-100 mm as 14-5.5°C and
100-400 mm as 5.5-0°C [36]. Under the action of the temperature gradient, the stress
distribution of each joint is consistent, and the stress of the joint remains unchanged along
the longitudinal direction of the bridge. The longitudinal normal stress of the J1 midspan
section under the action of the temperature gradient is shown in Figure 9.

As shown in Figure 9, under the effect of the temperature gradient, the mid-span
section of J1 mainly undergoes tensile stress, and the maximum tensile stress is 1.11 MPa.
Compressive stress is observed at the bottom of J1, with the maximum value of —0.74 MPa.
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3D ELEMENT STRESS

in==30.74

Fig. 9. Longitudinal normal stress of J1 at mid-span section
under temperature load (unit: MPa)

2.2.3. Vehicle load (VL)

The VL can cause a relatively large longitudinal normal stress on the joint. The VL
was selected according to a given specification with the weight of 55 t. It consists of
a set of front axles and two sets of rear axles. A single rear axle wheel is 70 kN, and the
width of the wheel landing is 60 X 20 cm. Therefore, the uniform load of a single wheel is
g = 584 kN/m? [36].

The layout of the vehicle that moves J1 into the most unfavourable mechanical state
occurs when the VL is applied symmetrically to the bridge span through the double rear
axle. The arrangement that causes the VL to produce the greatest tensile stress in the joint
occurs when the two rear axles are arranged symmetrically in the middle of the bridge
span and are against the anticollision wall. The VL produced the greatest tensile stress in
the joint, as shown in Figure 2b. Under the effect of the VL, the value of the longitudinal
normal stress J1 is the largest. Figure 10 shows the longitudinal normal stress of the midspan
section of J1. As shown in Figure 10, the longitudinal normal stress in J1 is a compressive
stress above the neutral axis and a large tensile stress below the neutral axis.

The VL and temperature gradient are both the bridge loads in the service phase.
We combine them to facilitate viewing of the effect of service phase loads. The load
combination result of the longitudinal normal stress of J1 at the midspan section is shown
in Figure 11.

The comparison of Figures 11 and 7 showed that after completion of bridge construction
(stage iii), the joint is already in a very unfavourable mechanical state, and the maximum
tensile stress caused by CS is 1.88—7.28 MPa. The maximum normal stress of the load
combination of the VL and TG at J1 is 1.15 MPa. Therefore, the tensile stress in the joint

is mainly caused by the difference in CS, followed by the VL and TG.
Regarding conventional joints, whether in stage iii or stage iv, the tensile stress in these

joints exceeds the maximum allowable tensile stress of the concrete. Therefore, nonlinear
analysis of the structure is required.
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3D ELEMENT STRESS
SYY, Ninm’

Fig. 10. Longitudinal normal stress of J1 at mid-span section
under vehicle load (unit: MPa)

Fig. 11. Longitudinal normal stress of J1 at mid-span section under vehicle load
and temperature load (unit: MPa)

3. Mechanism of joint failure

Owing to the effect of prestress, hollow-core slabs can maintain elasticity during ser-
vice. However, the joint is very likely to crack owing to the load, shrinkage, creep, and
temperature. Therefore, the joint must consider the nonlinearity of the concrete materials.
This section discusses the mechanism of joint failure under various working conditions.
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3.1. Constitutive relationship

(1) Concrete

In this study, a rotating crack model of the total strain crack model was used to simulate
concrete, the advantages of which are as follows. (1) The crack distribution is convenient
to show, and the crack unit does not separate at the crack position. (2) The crack direction
changes with the direction of the main strain; only the normal stress is generated on the
crack surface, and the calculation process is simpler.

The nonlinear properties of concrete under compression were assigned to the developed
finite element models by defining the stress-strain relation developed using the parabolic
hardening softening model [37-39], which depends on three parameters: concrete compres-
sive strength f., concrete fracture energy G., and concrete characteristic element length
h¢, as shown in Figure 12. The concrete compressive strength, f., concrete character-
istic element length 4., and elasticity modulus of concrete E. can be obtained through
experimental tests.

fep====>

Sfei3 - Gelhe

L 1
O Eco3 Eco Ecu (3

Fig. 12. Compression constitutive relations of parabolic model

G can be calculated according to Equation (3.1):

0.7
3.1 GC:GCO( Je )

where fimo is the benchmark average compressive strength, and its value is 10 N/mm?. G,
is related to the maximum aggregate size, and the corresponding relationships are listed in
Table 1.

Table 1. Relationship between G, and maximum aggregate size

Diax (mm) Geo (J/m?)
8 23
16 30
32 58
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The peak compressive strain, .o, corresponding to the concrete compressive strength,
fe, and the ultimate compression strain at the softening stage are expressed as Equation
(3.2) and Equation (3.3).

(3.2) Eco =

TN

fo
E.
B 3 G¢

2hefe

Tensile models of concrete in total strain crack models, such as constant, elastic, brit-
tleness, linear, exponential, Hordijk, and multi-linear models, are provided in Midas/FEA.
This study used a brittleness model [37-39], which considers the concrete tensile strength
as the stress end point. When the concrete tensile stress value exceeds the tensile strength
value, it does not increase, and the concrete resistance stress value tends to zero, as shown
in Figure 13.

(3.3) Ecu = Eco

7|
fip====mm—m-

—
L

0] Eto &

Fig. 13. Tension constitutive relationship of brittleness model

The constitutive model of the brittleness model includes two main parameters: the
tensile strength value, f;, and peak tensile strain, &;,. Tensile strength f; is obtained by
testing or reference specifications, and extreme strain &;, can be obtained according to
Equation (3.4).

(3.4) 10 = 65 % 23 x107°

(2) Steel bar

In this study, the reinforcement was modelled using embedded rebar elements that
added the stiffness of the reinforcement to the parent elements. The basic properties of
steel bars include information on the position, shape, and physical properties, without
degrees of freedom. There was no slip between the rebar and parent elements, and the
strain of the rebar elements was calculated according to the displacement of the parent
elements.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
—

DAMAGE MECHANISM OF CONVENTIONAL JOINTS AND PROPOSAL... 583

The Von Mises model was adopted in the constitutive structure of steel bars and is
provides good response to the mechanical properties of metal materials. The Von Mises
model in Midas/FEA must define the hardening curve of the yield stress of the material.
Generally, the hardening function is defined according to the material stress—strain curve
given by the specification, and an ideal elastoplastic model is adopted. The ideal elastic-
plastic model of the steel bar adopts the tri-polyline model, which can accurately simulate
the stress-strain relationship of the steel bar that will undergo stress strengthening imme-
diately after yielding [40]. In Figure 14, f; is the yield strength of the steel bar, f;; is the
ultimate strength of the steel bar, &, is the yield strain of the steel bar, &, is the starting
strain of the steel bar hardening, and &, is the peak strain of the steel bar.

o

Fabooo
fib-

1
0 & Cuy & €

Fig. 14. Ideal elastic-plastic model of steel bar

3.2. Analysis of joint failure mechanism

The analysis in Part 2 was a linear analysis, and shrinkage and creep could be considered.
In the Midas/FEA program, material nonlinearity cannot be used simultaneously with CS,
but it can be used with temperature.

To simulate the cracking of concrete, this study considers the CS development difference
between prefabricated hollow-core slabs and joints by means of joint and bridge deck
cooling. The principle of the difference in CS development between joint and bridge deck
cooling is as follows. The difference in CS development between prefabricated hollow-core
slabs and joints causes the joints to be tensile. This is consistent with the effect that the
joint and bridge deck are constrained by prefabricated hollow-core slabs and then cooled.
Through a large number of calculations, the effect of the joint cooling to 9.8°C is the
same as the 120-day difference in CS between prefabricated hollow-core slabs and joints.
Therefore, the effect of CS is replaced by the joints and bridge deck cooling at 9.8°C.

The effects of shrinkage and creep were replaced by cooling, and the material nonlin-
earity of concrete and steel was considered. The following section focuses on the analysis
of crack development in J1. There is little difference between the development of cracks in
stages iii and iv; therefore, only the joint cracks of stage iv are shown in Figure 15.
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(a) Semi-elevation view of cracks
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(b) Cracks at the mid-span
cross section

Fig. 15. Crack distribution of J1 in stage iv

VLs and TGs are applied after the bridge construction is completed in stage iv. As
shown in Figure 15a, the cracks are distributed in the middle and bottom parts of the entire
joint, and the cracks in the middle and lower parts of the joint have penetrated (Figure 15b).
In addition, the upper part of the joint comprised cracks, which are located at the junction
of the joint and hollow-core slab. This shows that the cracks exhibited an upward trend.
If the vehicle is overloaded or the CS development difference is more than 120 days, the
cracks may develop upwards to the bridge deck, which will cause water seepage in the
joints and longitudinal cracks in the bridge deck. This significantly weakens the overall
stiffness of the bridge.

4. Novel joint and its mechanical characteristics

4.1. Structure of novel joints

Owing to their small size, conventional joints not only cause difficulty in concrete vi-
bration but also cannot embed steel bars to resist the load. Under the effects of self-weight,
shrinkage, creep, temperature, and vehicles, cracking of conventional joints becomes in-
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evitable. Therefore, it is necessary to propose a new type of joint. A structural diagram of
the novel joint is shown in Figure 16.

Longitudinal Transverse
reinforcement reinforcement
of bridge deck  Cast-in-situ layer of bridge deck

\ [

Joint / N1 \N 2
Hollow-core slab/ 20~30em

Fig. 16. Structure of novel joint

First, the bottom width of the novel joint was adjusted from the conventional 1-cm
width to 20-30 cm.

Steel bars were then added to resist the load and strengthen the transverse connection of
the structure in the joints: longitudinal reinforcement N1, bottom transverse reinforcement
N2, top transverse reinforcement N3, and stirrup N4. Among them, N2 and N3 steel bars
were correspondingly welded.

The advantages of the novel joint are as follows:

1. After increasing the bottom width of the novel joint, it becomes possible to vibrate
the concrete of the joint; thus, the construction quality of the joint can be effectively
guaranteed.

2. Because transverse reinforcement N1 and longitudinal reinforcement N2 are embed-
ded at the bottom of the joint, joints have the ability to resist bending moments in
the longitudinal and transverse directions.

3. Stirrups enhanced the shear resistance of the joint.

4. The corresponding welding of N2 and N3 steel bars strengthens the transverse
connection between the hollow-core slabs.

4.2. Analysis of novel joints

The novel joint structure was used to optimise the pretensioned hollow-core slab model
of the second and third parts of the simply supported assembly.

The bottom width of the joint between the hollow-core slabs was adjusted from 1 to
20 cm. The specific conditions for adding steel bars in the joints are N1, N2, N3, and N4
steel bars with diameters of 22, 16, 16, and 12 mm, respectively. The strength grade of all
the steel bars was HRB400, and the yield strength was 400 MPa.
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The loads and construction stages are the same as in the aforementioned model except
that the equivalent cooling of CS is taken as 9.5°C after calculation.

In stage iv, cracks occurred in joints J1, J2, and J3. Among them, J1 had the largest
number of cracks. The vertical cracks of J1 are mainly distributed in the range of 3/8-5/8
span (Figure 17a). The cracks only appeared on the bottom of the joints, and the middle and
upper parts of the joints showed no crack formation (Figure 17b). Compared with Figure 15,
the degree of crack development is greatly reduced, indicating that the reinforcement of
the novel joint structure can better ensure the strength of the joint.
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Fig. 17. Cracks distribution of novel joint 1 in stage iv

The novel joint is designed according to reinforced concrete rather than a prestressed
structure, and therefore will result in the formation of cracks. In stage iv, the maximum
tensile stress of the longitudinal reinforcement and transverse reinforcement in the novel
joint J1 is 8.99 MPa and 10.53 MPa respectively, and the maximum tensile stress of the
novel joint J1 is 1.03 MPa. The tensile stress at the novel joint is mainly borne by the steel
bar. The maximum tensile stress of the stirrups arranged in the novel joint J1 is 24.09 MPa.
Since the joint is not only subjected to flexural stress but also to shear stress under the load,
it is necessary to arrange stirrups to prevent shear failure to the novel joint. Because the
steel bars of the novel joint configuration provide flexural and crack resistance, the crack
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expansion of the joint is well controlled. Therefore, the novel joint can better ensure the
rigidity and strength of the joint structure and can effectively ensure the transverse integrity
of the fabricated hollow-core slab.

4.3. Design method of novel joints

Novel joints have flexural strength owing to the configuration of the steel bars. Therefore,
the design method of longitudinal tensile reinforcement N1 should be clear.

Generally, the postprocessing function of three-dimensional finite element software
only provides the results of stress and strain. The displacement, bending moment, axial
force, and shear force of the structure cannot be obtained directly. However, the design of
the joints requires the bending moment of each load.

Midas/FEA provides the sum of the local internal forces’ function to extract the total
internal force of the specified section of the solid element. By taking J1 as an example, the
method of internal force extraction is explained as follows [41—43]:

First, only the elements of J1 are activated, and the target section is determined through
three points.

Then the internal force is extracted by the Sum of Local Internal Forces function
and Fy (axial force in X direction), F), (shear force in Y direction), F, (shear force in Z
direction), M, (bending moment around X axis), My, (bending moment around Y axis) and
M, (bending moment around Z axis) of the section can be output, as shown in Figure 18.
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Fig. 18. Internal force integral of specified cross section

5. Conclusion

In this paper, a new type of joint was proposed based on the force mechanism of

a conventional joint. The main conclusions are as follows:
1. In conventional joints, the CS development difference between the joints and prefab-
ricated hollow-core slabs has an important influence on the stress of the joints. The
greater the difference of the CS development age, the greater the is tensile stress in
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the joints. For example, when the age difference is 2 years, the tensile force of the
joint reaches 7.28 MPa.

2. Although VL and TG are secondary factors for the development of joint cracks, they

are important for the determination of the upward development of cracks.

3. When bridge construction is completed, the conventional joints are in a very un-

favourable stress state, the cracks in the middle and lower parts are penetrated, and
local cracks appear in the middle and upper parts.

4. The new type of joint not only solves the problem of concrete vibration but also

has good mechanical performance owing to the configuration of steel bars. The joint
cracks were effectively controlled and only appear at the bottom of the novel joints.
In addition, no cracks are formed in the middle and upper parts of the novel joints.
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