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Abstract: To address the problem of structural performance degradation caused by hinged joints
and pavement damage, we utilized actual engineering to conduct a construction study on the
overall replacement of pavement and hinge joint reinforcement in ultra-high-performance concrete
(UHPC) hollow slab girder bridges. A replacement and reinforcement design was developed and
reconstruction was undertaken. By using UHPC and reinforcement bars, the adjacent slab girders
were designed to work together under specific construction process guarantees for the characteristics
of UHPC. The corresponding interface treatment and a combination of planting bars and steel mesh
were necessary. According to the strain and deflection monitoring results, the overall performance
of the bridge after pavement and hinge joint reinforcement was verified. The strain amplitude of
the reinforcement was approximately 10 µε, and that of the concrete was approximately 5 µε. The
deflection difference of the adjacent girder was similar, which proved that the hinge joints connect
girders and transfer force effectively. All the results clearly demonstrated the positive overall effect of
the UHPC replacement method. The conclusions could provide a reference for the reinforcement and
reconstruction of similar projects.

Keywords: UHPC; hollow slab girder bridge; pavement; hinge joint

1. Introduction

Prestressed concrete bridges account for more than 90% of the total number of bridges
in China. Precast hollow slab girder bridges have been widely used in road bridges with
medium and short spans due to their simple structure, convenient construction, and high
degree of industrialization [1]. It is a very common bridge form used in medium- and
short-span bridges around the world. Taking Zhejiang Province as an example, medium-
and small-span bridges account for more than 90% of the total number of bridges, of which
hollow slab girder bridges account for the absolute majority [2].

Given the service time required, increasing traffic flow and overloading, a large
number of hollow slab girder bridges have deteriorated significantly. In early-built hollow
slab girder bridges, due to the unsuitable hinge joint structure, the single slab girder
loading state occurs after the hinge joint has been damaged, which affects the safety of the
bridge [2–5]. Compared with other types of structural cracking, damage in the pavement
layer or in the structural layer of the bridge runs from the point of damage to the surface,
which eventually causes damage to the structure. The existing technical method for the
treatment of bridge deck defects usually involves the removal of the pavement and the
structural layer as a whole and repaving them [6,7]. In this process, due to the time required
for multiple processes such as cutting, paving, and maintenance, the construction period is
long, which has a substantial social and economic impact.

Ultra-high-performance concrete (UHPC) has excellent properties, such as tough-
ness, high compressive strength and good durability. The UHPC–NC (normal concrete)
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composite structure is an important area of research in regard to UHPC application as it
provides new options for the reinforcement of ordinary reinforced concrete (RC) structures,
especially in harsh environments such as coastal, petroleum, chemical, saline–alkali, and
deicing salt, as well as in conditions of fatigue or impact. UHPC is used to cover the existing
service structure as it is not only waterproof, but it also reinforces and is especially suitable
for bridge deck pavement and structural reinforcement [8–10]. The use of UHPC to ensure
good ductility in bridge deck pavements has achieved good results and has been applied
in many projects, which proves that the implementation of UHPC is fully integrated with
the base structure. Improvements in structural performance have been achieved, even in
thinner pavement.

Bruhwiler and his collaborators have performed many basic studies using UHPC
to reinforce ordinary RC structures, especially for bridge deck pavement [11–14]. This
application has achieved good results. The team also authored the Swiss UHPC standard,
which contains relevant chapters on how to use UHPC to reinforce RC structures, including
important details such as the requirements for the design and construction of different
UHPC–RC combinations. These also involve the UHPC’s performance, the interactions
between the UHPC and the existing structure, the reinforcement and protection functions
of the structure, and the tensile, compressive, and fatigue resistance of the UHPC-RC
structure in the process. An important conclusion is that when UHPC is used for bridge
deck reinforcement, it is necessary to solve the problem of interface bonding at the UHPC-
RC interface [15,16].

Treating the surface of the existing RC structure is necessary to ensure the performance
of the bond between the UHPC and the RC bridge. This includes removing, grinding
or grooving, cleaning the damaged part/s (partial or overall), laying the rebar mesh (or
not laying), pouring the UHPC, and the final surface treatment (grinding or grooving,
or covering) after curing to the specified age [7,11,12]. The thickness of the laid UHPC
is usually approximately 50 mm to 100 mm, while he thickness of the common cover
or pavement is usually between 25 and 50 mm. When stiffness, fatigue resistance, and
wear resistance need to be considered, the thickness of the UHPC can be appropriately
increased [17]. According to the process outlined above, the construction process takes a
long time, and the construction period and its impact are significant. Therefore, an ideal
reinforcement scheme includes a small amount of rebar operation and rebar planting to
increase the interaction between the UHPC and the RC structure, or even the direct paving
of the UHPC [18,19].

In this paper, based on actual engineering applications, combined with domestic and
foreign research [20], the structural performance of UHPC direct paving to replace the
pavement of a hollow slab girder bridge was investigated. The advantages of UHPC in
the reinforcement of a bridge deck structure are expected to be fully utilized, and the
disadvantages related to the complex processes and long construction periods associated
with the existing reinforcement are expected to be avoided.

2. Background Engineering

The Zhuxing Bridge is located on the S214 Yonglin line in Ninghai County, Zhejiang
Province. It was completed and opened in 1997 (Figure 1). The current bridge deck
pavement consists of 10 cm thick concrete pavement.
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Figure 1. The bridge layout (unit: cm).

The bridge was tested by the Ningbo Traffic Construction Engineering Test and Inspec-
tion Center Co., Ltd. in 2020. The overall technical condition of the bridge was assessed as
Class 2. The main defects were pavement damage, local damage to the expansion joints,
and local damage to the anti-collision walls. Part of the concrete surface of the slab girder
was stripped and exposed, with multiple cracks, and the bridge deck pavement was worn
and exposed with cracks. In the “Construction Drawing Design of Zhuxing Bridge Maintenance
and Reinforcement Project of G228 Dandong Line in Ninghai County” published by the Ningbo
Transportation Planning and Design Institute Co., Ltd. in April 2020, the slab and pier
column defects were reinforced with CFRP plates.
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The traffic flow on the Zhuxing Bridge is relatively heavy, resulting in obvious damage
to the bridge. In particular, the bridge deck pavement continued to show longitudinal
cracks after multiple reinforcements, and the cracking locations basically extended along the
hinge joints (Figure 2). This is consistent with the particular stress and damage commonly
found in the hollow slab girder bridges. Under the long-term heavy traffic load, the
pavement in the hinge joint area cracked and gradually extended. The main reason is that
the replacement of the pavement layer failed to fundamentally solve the synergistic service
of each hollow girder because of the weak transmission capacity of this pavement layer.
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Figure 2. Status of the pavement of the bridge.

Based on the investigation and study of the characteristics and application of UHPC,
the highway management department decided to update the bridge pavement again
with UHPC.

3. Structural Method of Reinforcement and Construction Stages
3.1. Theoretical Basis of Hollow Girder Reinforcement

The prefabricated slab bridges that are commonly used in China are divided into solid
slabs and hollow slabs according to the section form. The span of the solid slab is small.
To adapt to the larger span, the hollow slab not only reduces the weight, but also gives
full play to the role of materials. Therefore, the existing slab bridge is basically a hollow
slab girder.

To ensure that he assembled plate girder jointly bears the vehicle load, it is necessary
to set the transverse connection with sufficient strength in the transverse direction. Welded
steel plate and concrete hinge connections are the most commonly used connection methods.
However, due to the high cost of welded steel plate connections, the use of this application
is not always practical. At present, the transverse connection of the hollow plate usually
adopts a concrete hinge. The common forms of the concrete hinge are round, diamond and
funnel, as shown in Figure 3. Usually, the hinge joints are filled with fine aggregate concrete.
In the case of a small vehicle load, this hinge joint can theoretically ensure the transfer of the
transverse shear force and ensures that each plate cooperates with the force. This is also the
basis of the hinged plate method in the calculation of the transverse distribution coefficient.
This method is based on the fact that the hinge joints only transmit vertical shear, and the
pavement structure layer does not participate in the force [21]. The calculation model is
shown in Figure 4a.
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Figure 4. Different mechanics modes of hinge joints. (a) Mechanics mode of the common hinge for
transmission of shear. (b) New mechanics mode of the hinge with a stronger pavement structure.
Note: P1–load; gi–shear effect by hinge; Mi–bending (moment) load effect by reinforced pavement.

Due to the structural characteristics of hollow slab girders and the long-term use of
overload, the hinge joints and the integrated layer are common areas of deterioration, and
these typically manifest as the fracture of hinge joints and longitudinal cracking of the
integrated layer [22]. As a result, a large number of small hinge joint bridges built in the
early stages, exhibit hinge joint cracking, and may form a single beam bearing load.

To strengthen the overall effect of the linkage of hinge joints, researchers in China have
changed the original small hinge joints to deep hinge joints, which increases the size of
the concrete joints. The rebar in the prefabricated plate can be extended and bound with
adjacent rebar and then poured into the pavement layer, and the strengthened rebar is
set in the hinge joints. The purpose of this design is to ensure that the adjacent girders
share the force. Inspired by this method, for a large number of existing hollow girders
with small hinge joints, the transverse connection can be realized through the hinge joints
and the force transfer of the stronger integral layer, especially by adding or recasting the
integral layer of the pavement structure method to improve the structural performance of
the hollow girder bridge. The main method of reinforcing the plate top is to set a steel plate
at the hinge joints to strengthen the local stiffness so that the integrity of the plate beam
is restored; however, the construction is relatively complex Another method is to recast
the pavement just after cleaning the damaged bridge deck, to recover the pavement and
reduce the stress transfer to the hinge joints; however, this will increase the weight. Based
on these two ideas, another method involves the original pavement and common concrete
structure layer. The hinge joint concrete is removed and the hinge concrete is recast, and
the pavement structure layer is recast with rebar. This is the method used in this study and
in the implementation.
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This approach changes the original calculation assumptions for the plate girder be-
cause the recast pavement structure with bars creates a stronger structure above the adjacent
plates, which can withstand bending moments (Figure 4b) [23]. With the change in the
stiffness of the structural layer (effected by the thickness, rebar mesh, anchorage rebar
between the pavement layer and the hollow plate), other factors will affect the distribution
of the force of the adjacent hollow plate.

At present, a quantitative calculation theory has yet to be elucidated, but the cor-
responding application effect can be proven by the mechanical properties of transverse
girders. This association is manifest in the stress and deflection of adjacent beams, which is
also proven by the monitoring data in this paper.

Based on the assessment of the damage and the condition of the existing bridge, the
entire pavement was replaced with a UHPC pavement by removing the original concrete.
Moreover, after the restoration, the elevation of the bridge surface was the same as that of
the original bridge, and there was no need to adjust the elevation of the roads on both sides
to ensure that the elevation was consistent.

3.2. Reinforcement Method

Different engineering methods can be applied to the replacement of the pavement
layer of the hollow slab girder bridge, and they have different effects. The existing methods
for the direct replacement of the bridge pavement of ordinary hollow slab girder bridges
mainly include the following two methods:

(1) The previous pavement layer is completely removed and replaced with UHPC and
stone matrix asphalt (SMA).

The removal of the pavement layer ensures that the structural weight is basically
unchanged. Combined with the UHPC performance, this method is better to improve the
structural performance. At the same time, the use of more UHPC leads to an increase in
cost. Additionally, there is doubt as to whether the use of thick UHPC may produce large
amounts of shrinkage in the upper part of the beam, which is equivalent to the positive
moment effect, thus reducing the UHPC effect [24].

In this method, it is necessary to consider the bonding and anchoring performance of
the UHPC and the original structural plate and beam, and it is necessary to increase the
rebar mesh and the anchoring rebar. For bridges with partial damage, it is also necessary to
consider the damage of the hinge joint.

(2) Partial removal of the previous pavement, which is followed by the addition of a thin
layer of UHPC and SMA is added.

This method is suitable for situations in which the damage to the hinge joint is not
serious. Because it does not involve the replacement of the hinge joint, only the replacement
of the upper surface is needed, the corresponding amount of work is small, and the
construction is fast and inexpensive.

Considering the leveling layer, the pavement removal depth and the bridge elevation,
the leveling layer is combined with the reserved pavement to ensure that the replaced
pavement has a consistent elevation.

When the partial pavement is retained and the original rebar grid is exposed, it is
relatively simple to remove and replace it. However, this type of project is relatively rare
because most bridges that need the pavement layer replaced also have the problem of hinge
joint damage. At present, there is no test or engineering verification that confirms that the
partial replacement of pavement ensures that the overall performance of the structure and
the stress on the hinge joint will not deteriorate.

In the two construction methods mentioned above, the reliable bond between the
UHPC and the existing beam concrete is the basis for the common loading bearing. Many
researchers have conducted relevant studies and experiments on the bonding performance
between UHPC and NC and proved that after surface chiseling and cleaning, good adhesion
between UHPC and NC can be ensured, especially in the presence of rebar mesh.
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With reference to the conventional pavement structure, the pavement replacement in
this project adopted the rebar mesh and hinge joint reinforcing methods at the same time.
The specific design measures were as follows.

On the basis of retaining the original hinged rebar, the rebar was implanted into the
web of the hollow slab girder from the top according to Φ12@200 and a rebar mesh was
formed in the hinge area. In addition, a single layer of Φ12@100 × 100 rebar mesh was
placed above the slab girder. The specific structure and layout are shown in Figure 5.
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Figure 5. Hinge and pavement reinforcement structure.

The UHPC used was UC120 grade, and the mixing ratio was powder:water:admixture:
steel fiber = 1000:90.5:6.05:104.8. The specific performance parameters are shown in Table 1.

Table 1. Technical parameters of UHPC for pavement.

Item Test Code
Performance Index

Requirements Measured Value

Initial slump expansion/mm GB/T50080 600–700 655
1 h slump expansion/mm GB/T50080 550–650 637

Compressive strength/MPa GB/T31387 ≥120 133.6
Tensile strength of

elastic section/MPa Swiss SIA2052 ≥7 10.1

Ultimate tensile strength/MPa Swiss SIA2052 ≥8 13.9
Ultimate tensile strain/% Swiss SIA2052 ≥0.2 0.45

Ultimate tensile strength/tensile
strength of elastic section Swiss SIA2052 ≥1.1 1.38

Flexural tensile strength/MPa GB/T31387 ≥22 26.1
Shrinkage (28 d) GB/T50082 <250 136

3.3. Construction Stages

For the reinforcement of Zhuxing Bridge and the replacement of the bridge deck
pavement, the construction process was as follows:

(1) Traffic Closure

According to the traffic safety requirements, construction began at the local site and
traffic protection measures were arranged. Then, the traffic access was closed off, the
construction equipment was put in place, and the materials were transported to the site.

(2) Removal of the top pavement and hinged concrete

For the removal of the top pavement, the damaged pavement of the bridge deck and
the concrete in the hinge joint was simultaneously removed using a pick machine and
manual methods. During the chiseling process, the surface of the slab girder should remain
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be intact. The chiseled rubbish was transported off-site, and the surface was cleaned with
an air compressor to ensure that the original bridge deck and the cracked concrete were
completely and cleanly removed.

(3) Reinforcing bars

The original undamaged hinged rebars were retained, and the corroded or broken
rebars were removed. In addition to the reserved hinged rebars, Φ12@200 hinged rebars
were added using a planting method. The down-bending of the rebar was performed in the
factory in advance to ensure that the down-bending size met the specification requirements
(Figure 6a). The rebar was implanted in the web, and it was not allowed to penetrate the
roof to the slab girder. Another rebar mesh Φ10@100 was added.
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(4) Laying rebar in the pavement layer

A prefabricated single-layer Φ12@100 × 100 rebar mesh is placed above the slab girder.

(5) The surface of the slab girder was cleaned completely and the debris and rubbish
generated by the planting rebar were removed (Figure 6b).

(6) UHPC construction of the pavement layer

After the rebars of the bridge deck pavement were inspected and accepted and the
hinged joint rebars met all the requirements, the pouring of the hinged joints and the pave-
ment layer began. The overall principle of pavement pouring is “mixing, pouring, leveling,
and covering”. The UHPC mixture was immediately distributed; then the corresponding
strips were immediately vibrated and leveled (Figure 7). After completing the preliminary
distribution of 2–3 strips, the vibrating ruler was used for further smoothing and vibrating.
The length of the vibrating ruler should be less than or equal to 1.5 m.
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(7) Adhesive layer structure

Before the final setting of the UHPC, the aggregates, which had a diameter of
10–30 mm. were evenly distributed. The spray distribution requires 2–3 grains/10 cm2.
Since there is no quantitative approach in regard to this part of the process, the above
method was based on a method previously proposed for a steel deck with UHPC to
increase the adhesion between the SMA and the UHPC [11,25].

(8) Curing

Ten minutes after the pavement was completed, the surface of the pavement was no
longer obviously sticky, and the strips were covered with a moisturizing curing film.

After the film was covered, the UHPC pavement was covered with a moisture-
retaining geotextile for approximately 4 h after the initial setting. Twenty-four hours
after pouring, the membrane was removed and then covered with a moisturizing geotextile
for 3 days.

(9) Bridge deck asphalt concrete paving construction

Special spraying equipment was used for the construction of waterproof materials.
With regarding to the density of the UHPC, theoretically, a waterproof layer is not

needed here. In the current practical application process, water penetration from the
construction joint cannot be excluded and given that the current lack of construction
specifications cannot ensure the quality, the waterproof layer is often completely abandoned.
However, considering that the pavement in this project was divided into different parts
and the UHPC was poured in stages, there will naturally be numerous construction joints.
In order to ensure the quality of construction, the waterproof layer was set under the
UHPC layer.

The paver must be preheated for 15 min in advance. When the preheating temperature
reaches 120 ◦C or above, it can be spread.

Sufficient material supply must be ensured, and the paving operation should be continuous.

(10) Clean up the site and open it up to traffic.

4. Verification and Monitoring of the Reinforcement Effect

To verify the effect of the UHPC pavement, it is necessary to compare the usage of
the bridge before and after the pavement was replaced. The most common mechanical
performance index consists of comparing the deflection to assess the rigidness and using
the strain to obtain the stress in order to assess the cracking or failure of the bonding.



Appl. Sci. 2022, 12, 12008 10 of 17

4.1. Deflection Monitoring

The overall performance of the beam improved after the hinge joint and pavement
reinforcement, and the corresponding deflection results were obvious. The deflection and
stress change under the load of the structure was most obvious in the mid-span section of
the beam, which reflects the improvement in the girder.

Considering that this project is a double-frame two-way four-lane structure, to reduce
the monitoring workload, the lane with more heavy vehicles was selected for monitoring
because it showed relatively heavy damage (longitudinal hinge joint damage and more
transverse cracks in the middle of the span). The monitoring was performed on the first
cross-section.

The specific deflection monitoring plan was as follows.
With the help of a non-contact optical deflection monitor, multiple monitoring points

were placed on the left, middle, and right side of the bridge to measure the deflection of
the span. We used the Germany-made “GOM” Optical 3D Deformation Analysis System
(ARAMIS Professional), and the ARAMIS 3D 12M model. Figure 8 shows the side obser-
vation points that can be used for observation, while the actual observation was achieved
through various points at the bottom of the bridge.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 17 
 

4.1. Deflection Monitoring 

The overall performance of the beam improved after the hinge joint and pavement 

reinforcement, and the corresponding deflection results were obvious. The deflection and 

stress change under the load of the structure was most obvious in the mid-span section of 

the beam, which reflects the improvement in the girder. 

Considering that this project is a double-frame two-way four-lane structure, to re-

duce the monitoring workload, the lane with more heavy vehicles was selected for moni-

toring because it showed relatively heavy damage (longitudinal hinge joint damage and 

more transverse cracks in the middle of the span). The monitoring was performed on the 

first cross-section. 

The specific deflection monitoring plan was as follows. 

With the help of a non-contact optical deflection monitor, multiple monitoring points 

were placed on the left, middle, and right side of the bridge to measure the deflection of 

the span. We used the Germany-made “GOM” Optical 3D Deformation Analysis System 

(ARAMIS Professional), and the ARAMIS 3D 12M model. Figure 8 shows the side obser-

vation points that can be used for observation, while the actual observation was achieved 

through various points at the bottom of the bridge. 

 

Figure 8. Interface of the monitoring system. 

The reference point was required to be lower than the destination point at the bottom 

of the bridge. The observation reference point was located approximately 20 m upstream 

of the bridge, and a concrete foundation that measured 50 cm × 50 cm × 50 cm was used. 

Two steel piles with a diameter of 12 cm, a wall thickness of 10 mm, and a length of 2 m 

were used, and the implantation depth in the foundation was 0.5 m. A steel base plate and 

a steel backing plate were installed on the steel pipe piles, and the steel materials were 

connected by welding to ensure stability. 

4.2. Strain Monitoring of Hinge Joint 

A wireless vibrating wire monitoring system was adopted to monitor the strain. The 

mid-span section of the girder, which is especially affected by the wheels of heavy vehi-

cles, was selected for monitoring, and to measure the transverse double-layer vibrating 

wire strain. Gauges were arranged on the transverse upper rebars and the top of the 

UHPC hinge joint (Figure 9), which corresponded to the four hinge joints between the five 

Figure 8. Interface of the monitoring system.

The reference point was required to be lower than the destination point at the bottom
of the bridge. The observation reference point was located approximately 20 m upstream
of the bridge, and a concrete foundation that measured 50 cm × 50 cm × 50 cm was used.
Two steel piles with a diameter of 12 cm, a wall thickness of 10 mm, and a length of 2 m
were used, and the implantation depth in the foundation was 0.5 m. A steel base plate and
a steel backing plate were installed on the steel pipe piles, and the steel materials were
connected by welding to ensure stability.

4.2. Strain Monitoring of Hinge Joint

A wireless vibrating wire monitoring system was adopted to monitor the strain. The
mid-span section of the girder, which is especially affected by the wheels of heavy vehicles,
was selected for monitoring, and to measure the transverse double-layer vibrating wire
strain. Gauges were arranged on the transverse upper rebars and the top of the UHPC
hinge joint (Figure 9), which corresponded to the four hinge joints between the five inner
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beams of the first span. There were a total of eight rebar strain gauges and eight concrete
strain gauges on the left and right sides of the bridge. The strain gauges were numbered
from the inside to the outside as No. 1 to No. 4 on the left, and No. 5 to No. 8 on the right.
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4.3. Adhesion between UHPC and the Girder

Theoretically, if the bond layer is not separated, the two gauges should have the same
strain value when the girder is under moment. Based on the plane section assumption, it is
considered that the concrete strain at the same height is consistent. Therefore, to keep the
gauges at the same height in the girder section, before UHPC pouring, it was necessary to
arrange strain gauge A on the upper surface of the hollow slab girder. The most feasible
method was to chisel out the top rebar of the hollow beam and fix the strain gauge to the
rebar to ensure that the center was in parallel with the hollow slab girder on the upper
surface (see Figures 9 and 10).
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Figure 10. Gauge installation in the adhesion layer.

Strain gauge B was fixed on the rebar in the UHPC layer, but the center of the strain
gauge was located on the lower surface of the UHPC. Gauge B was placed in parallel with
strain gauge A at the same location, and the distance between them was as close as possible.
Figure 10 shows an image of gauge A and B located on the top of the girder.

Considering the bending effect of the simply supported beam, the potential UHPC
delamination area is near the beam end. Therefore, the above measuring points were
positioned on the 0.5 m cross section at the end of the beam, with an interval of 1–2 girders,
and then gauge A and B are arranged at each location. A total of 10 gauges were arranged
at 5 locations.
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5. Data and Analysis
5.1. Strain Characteristics after Reinforcement

Figure 11 shows the results of monitoring the rebar strain in the three months after the
completion of the construction. The strains recorded by rebar strain gauges 1 to 4 in the
hinge joints on the left side of the bridge were in the range of 49~62 µε, and the strains of
rebar strain gauges 5 to 8 in the hinge joints on the right side of bridge were in the range of
24~37 µε.
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Figure 11. Rebar strain.

The strains recorded by gauges 1 to 4 in the UHPC layer on the left side of the bridge
hinge all fluctuated within 10 µε. The strain range on the UHPC layer in the right side of
the bridge hinge was relatively small, that is, between 35 and 55 µε, of which the maximum
value of the No. 5 sensor was 55 µε, and the minimum value of the No. 8 sensor was 42 µε
(Figure 12).
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According to the strain values of the beam and UHPC calculated by the adjacent strain
gauges, it can be seen that the beam and the UHPC at the same position have basically the
same strain characteristics, which fully proves that the UHPC and the beam have good
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deflection synchronization. This also proves that the deflection of the beam on both sides of
the hinge joint is coordinated, and the force on the hinge joint achieves a good load transfer
function through the transition of the UHPC.

5.2. Changes in Structural Stiffness after Reinforcement

According to the actual situation of the site, the vibration of the bridge slab was
monitored under normal traffic conditions. During monitoring, data were collected every
5 min. The data collected from 12 measurement points were randomly selected for analysis,
and the maximum amplitude of the structure before and after reinforcement was obtained.
The values and minimum and average values are shown in Table 2.

Table 2. Maximum amplitude of deck before and after reinforcement (unit: mm).

Measuring
Point Maximum Amplitude Minimum Amplitude Average Amplitude

Before Rein-
forcement

After Rein-
forcement

Before Rein-
forcement

After Rein-
forcement

Before Rein-
forcement

After Rein-
forcement

1 2.204 1.047 −4.502 −1.155 −0.766 −0.373
2 2.822 1.123 −2.830 −1.241 −0.140 −0.154
3 2.301 0.807 −1.978 −1.274 −0.632 −0.468
4 3.183 0.854 −2.977 −1.291 −0.641 −0.414
5 2.067 1.107 −2.746 −1.344 −0.729 −0.309
6 2.822 1.186 −2.830 −1.382 −0.140 −0.229
7 2.197 1.334 −1.978 −1.624 −0.634 −0.265
8 2.822 1.290 −2.830 −1.152 −0.140 −0.016
9 3.099 1.220 −2.667 −1.246 −0.145 −0.036

10 2.282 1.068 −2.830 −1.288 −0.304 −0.216
11 2.822 1.049 −2.830 −1.397 −0.259 −0.216
12 3.073 1.101 −2.630 −1.037 −0.124 −0.051

Figure 13 shows that the maximum amplitude of the bridge deck before reinforcement
was greater than 2 mm, and the maximum amplitude of the bridge deck reached more than
3 mm. Among the 12 randomly selected monitoring points, the maximum amplitude of
each point was different. The graph below shows obvious ups and downs, indicating that
before the bridge deck was reinforced, the bridge deck had significant deflection under
normal traffic conditions.
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After the bridge deck was reinforced, the maximum values of the 12 selected moni-
toring points under normal traffic conditions were relatively small. It can be clearly seen
from the graphs that the maximum values after reinforcement do not exceed
1.5 mm. The curve undulates smoothly, and there is no obvious undulation, which indi-
cates that after the bridge deck was reinforced, the maximum amplitude of the bridge deck
decreased compared to that before the reinforcement, and the UHPC reinforcement had a
significant effect.

Figure 14 shows that the minimum amplitude of the bridge deck before the rein-
forcement reached −4.5 mm and stayed below −2 mm. Among the 12 randomly selected
monitoring points, the minimum amplitude of each point was different. The associated
curve has obvious ups and downs, indicating that before the bridge deck was reinforced,
under normal traffic conditions, the bridge deck had significant deflection after being
compressed. Similarly, after the bridge deck was reinforced, the minimum values of the
12 selected monitoring points under normal traffic conditions were relatively small. Except
for point 8, the minimum values after reinforcement did not exceed −1.7. The undulation
of the curve is gentler than that before the reinforcement, which also indicates that the
minimum amplitude of the bridge deck after the reinforcement decreased compared to that
before the reinforcement, and the use of UHPC had a significant effect on the reinforcement.
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Figure 14. Comparison of minimum amplitude before and after reinforcement.

Figure 15 shows the comparison of the results of the average amplitude before and
after the reinforcement of the bridge deck.

According to the average value of the 12 monitoring points, it can be clearly seen
that the amplitude of each point is different before reinforcement, and the difference in
the average values is also large. Therefore, the curves in the wave are relatively large,
which indicates that the stability of the bridge deck was poor. After the bridge deck was
strengthened, the amplitude of the curve was relatively large compared with that before the
reinforcement. Although the beam located in the lane fluctuated more, the overall deflection
was still relatively gentle, proving that the bridge deck had a better reinforcement effect.
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6. Conclusions

(1) The designed bridge deck pavement adopted 8 cm thick UHPC and 4 cm modified
asphalt concrete pavement, the transverse load-bearing performance of the beam
slab was enhanced, and the overall bearing capacity was improved. Based on the
conclusions of other researchers and the performance of UHPC, the UHPC thickness
can be optimized.

(2) Several researchers have already proved that the effect of planting reinforcement on
the joint surface between the UHPC and the main girder is significant. This allows
the original concrete layer and the UHPC layer to be more closely connected. Rebars
planted at the hinge joint with UHPC greatly improve the transmission capacity of
the transverse force between the slab girders.

(3) In terms of the performance of the bond between the UHPC and the bridge, according
to the stress analysis of the monitored rebar and UHPC, the change in the stress on
the hinge joint was mainly tensile at less than 55 µε and the amplitude was less than
10 µε. Judging from the similarity of the strains of the two types of gauges, the rebar
and the UHPC maintain a good synergistic effect.; The shear deflection of the hinged
joint due to the change in the beam was not obvious, which proves that the UHPC
pavement had a positive impact.

(4) Monitoring the amplitude of the reinforced bridge deck proved that the overall
performance of the bridge reinforced with UHPC was significantly improved. The
minimum and maximum amplitudes after reinforcement (minimum −1.5~−1.0 mm,
maximum 0.75~1.25 mm) were reduced by half compared to before reinforcement
(minimum: −3.0~−2.0 mm, maximum 2.0~3.0 mm).

(5) The improvement in the flatness of the bridge surface has a positive effect on reducing
bridge vibration. The resistance to the deformation of the UHPC pavement layer
was relatively excellent, and the bond between the UHPC and girders was also very
strong without delamination. It should be noted that the bridge pavement and hinge
joints were repaired at the same time, which affected their respective contributions to
a certain extent.

(6) Since the reinforced pavement with reinforced hinges already increased the mechani-
cal performance and affected the load distribution of each girder, the new theoretical
calculation method for the live-load distribution factor should be restudied. The
monitoring data from real bridges can play an auxiliary role in static load testing to
verify the theoretical method.
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