kT buildings

Article

Full-Scale Prefabrication and Non-Destructive Quality
Monitoring of Novel Bridge Substructure for
“Pile-Column Integration”

Longlin Wang 1'%f, Hua Wang 1-*%, Kailv Yang 3, Shuzhi Xie 3, Gangrong Wei 3, Ruijiao Li 3

and Wensheng Wang *

check for
updates

Citation: Wang, L.; Wang, H.; Yang,
K.; Xie, S.; Wei, G.; Li, R.; Wang, W.
Full-Scale Prefabrication and
Non-Destructive Quality Monitoring
of Novel Bridge Substructure for
“Pile-Column Integration”. Buildings
2022, 12,715. https://doi.org/
10.3390/buildings12060715

Academic Editors: Xiaopei Cai,

Huayang Yu and Tao Wang

Received: 19 April 2022
Accepted: 21 May 2022
Published: 25 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Bridge Engineering Research Institute, Guangxi Transportation Science and Technology Group Co., Ltd.,
Nanning 530007, China; wll955@163.com (L.W.); wanghual5@mails jlu.edu.cn (H.W.)

School of Civil Engineering, Southeast University, Nanjing 211189, China

3 Guangxi Beibu Gulf Investment Group Co., Ltd., Nanning 530029, China; yangkl_22@163.com (K.Y.);
xiesz_22@163.com (S.X.); weigr_22@163.com (G.W.); lirj_22@163.com (R.L.)

College of Transportation, Jilin University, Changchun 130025, China

*  Correspondence: wangws@jlu.edu.cn; Tel.: +86-0431-8509-5446

t  These authors contributed equally to this work.

Abstract: The assembly process of “pile-column integration” is proposed in this study and applied
in the engineering with the characteristics that most of the pile foundations are end-bearing piles,
which is conducive to returning to the normal operation of transportation infrastructure in a timely
manner. From the perspective of practical application, the bridge structure components, including
pile column and cap beam, are reasonably designed and prefabricated according to the requirements
of the reconstruction and expansion project of the old bridge. Through non-destructive testing
technologies, the concrete strength, cover thickness of reinforcement, and component size of prefabri-
cated components are monitored and tested to evaluate the quality of full-scale prefabricated bridge
substructure for “pile-column integration”. The monitoring results showed that the concrete strength
monitoring results of prefabricated components by the rebound method are relatively stable. The
concrete strength of the prefabricated components was higher than the design concrete strength and
their qualified rate was 100%. According to the monitoring of cover thickness of reinforcement, the
measured cover thickness of reinforcement in prefabricated components by electromagnetic induction
method fell within the allowable range, and their qualified rates were around 90%. The concrete
strength and cover thickness of reinforcement for prefabricated components could meet the design
requirements. Although the component size of the prefabricated components could be tested by a
3-D point cloud scanning system, the monitoring effect of a relatively smaller component size still
needs to be improved. The quality monitoring of full-scale bridge substructures for “pile-column
integration” proved the rationality of prefabrication and the feasibility of non-destructive testing
technologies, providing references for the application of “pile-column integration”.

Keywords: prefabricated bridge substructure; pile-column integration; non-destructive testing tech-
nologies; full-scale prefabrication

1. Introduction

As important transportation facilities, roads and bridges provide great convenience
for people’s life and production [1-4]. The development model of a resource-saving and
environment-friendly society puts forward more urgent requirements for the development
of transportation and the construction of roads and bridges [5-7]. The proposal of a pre-
fabricated bridge structure is the way for building industrialization, which can realize the
construction process of low energy consumption and low emission, and effectively realize
the green development requirements of the construction industry [8-10]. Meanwhile, the
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prefabricated bridge structure would also accelerate urbanization and the rapid develop-
ment of highway construction, which is conducive to returning to the normal operation of
transportation infrastructure in a timely manner.

The cast-in-situ concrete construction method is still the most commonly used in
the field of bridge construction [11,12]. This construction method has a long construction
period and many wet operations on-site, which will have a great impact on the surrounding
environment. In addition, the consumption of supports and formwork in the construction
is large, leading to a high construction cost, and it directly affects the load capacity of
the construction site, which is inconsistent with the development requirements of urban
and rural construction [13,14]. Especially when the highway passes through mountainous
areas or environmentally sensitive areas, under the construction conditions of ecological
and environmental protection, it is urgent to find bridge construction methods which can
reduce the environmental impact and develop China’s prefabricated bridge structure.

To deal with the defects of cast-in-situ concrete construction, prefabricated bridges
have been widely used abroad [9,15-17]. In 1971, the first bridge with segmental pier tech-
nology, i.e., the Corpus Christi Causeway Bridge, was completed in Texas, USA [18,19]. In
1987, the pier structure of Linn Cove Viaduct used prefabrication and assembly technology
to reduce the impact on the surrounding environment during the construction process,
speed up the project construction progress, and complete the project construction ahead
of schedule, which has become a classic engineering example in the prefabrication and
assembly bridge structure [20]. In 1997, the Oresund Bridge was completed to connect
Copenhagen, Denmark, and Malmo, Sweden, in which the pier body parts were prefabri-
cated and then assembled on-site [21]. In 2011, the precast girder bridge in Washington,
USA, was completed, which adopted precast assembly technology and used grouting
sleeves to connect the pier body and bearing platform [22].

Prefabricated bridge structures in China started late and are not widely used at present.
Only when some sea-crossing bridges or cast-in-situ construction are difficult, the prefab-
ricated construction method would be adopted [15,23,24]. The pier body and box girder
of the Donghai Bridge built in 2006 were prefabricated on the island and installed off-
shore. The pier adopted a reinforced concrete hollow thin-walled pier, the low pier was
prefabricated and lifted integrally at sea, and the medium and high pier adopted offshore
assembly technology [25]. The pier body structure of the non-navigable hole in the deep
water area of the Shanghai Yangtze River bridge adopted hollow thin-wall assembly tech-
nology [26]. The approach bridge of Hangzhou Bay Cross-Sea Bridge also transported the
prefabricated rectangular hollow pier to the site for assembly [27]. By using prefabricated
piers in non-navigable holes, the construction difficulty of Zhoushan Jintang Bridge was
reduced and the construction period was accelerated [28]. The non-navigable span bridge
of the newly-built Hong Kong-Zhuhai-Macao Bridge also adopted prefabrication and as-
sembly technology [27]. Yan et al. focused on intelligent monitoring and evaluation for
the prefabricated building construction schedule by combining the computer vision-based
(CVB) technology, a weighted kernel density estimation (WKDE) method, and the earned
duration management (EDM) method [29]. Worley et al. detected and located cracking
in prefabricated, prestressed concrete girders used as prefabricated bridge elements and
systems in accelerated bridge construction as part of a quality assurance/quality control
program by using acoustic emission sensing techniques [30]. Tsangouri et al. assessed
the design feasibility and structural integrity of prefabricated construction elements, and
characterized the damage on complex structures by AE [31].

As can be seen from the above development, the prefabricated bridge structure can
greatly improve the mechanized operation level through the prefabricated construction
method. On the premise of ensuring the project quality, it can greatly speed up the con-
struction progress, improve the construction production efficiency, and be conducive to
environmental protection. At the same time, the prefabrication and assembly technology
of bridge structures has the characteristics of high efficiency, safety, high quality, speed,
and environmental protection, which has become the development trend of bridge con-
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struction [32]. From the perspective of practical application, the “pile-column integration”
process is applied in the engineering entity. The bridge structure components, including
pile column and cap beam, are reasonably designed and prefabricated according to the
requirements of the reconstruction and expansion project of the old bridge. Through
non-destructive testing technologies such as digital display rebound instrument based on
rebound method, hand-held steel bar scanner based on electromagnetic induction method,
and Leica Nova series MS60 total station based on 3-D point cloud scanning system, the
concrete strength, cover thickness of reinforcement, and component size of prefabricated
components are monitored and tested to evaluate the quality control of full-scale prefabri-
cated bridge substructure for “pile-column integration”.

2. Materials and Methods
2.1. Engineering Description for Prefabricated Pile-Column Integration Application

In this study, the original bridge adopted a 3 x 20 m prestressed concrete simply
supported bridge deck continuous hollow beam, the substructure abutment was column
abutment and pile foundation, and the pier was column pier and expanded foundation.
The original bridge deck was 28 m in width and 64.04 m in length. The abutment pile
foundation at the lower part of the original bridge was designed as a rock socketed pile,
embedded with weakly weathered quartz sandstone. The pier expanded the foundation,
and the foundation entered strongly weathered quartz sandstone. All the superstructure of
the original bridge will be removed, and a new prestressed concrete simply supported, and
then a continuous box girder will be replaced. The expansion will be carried out with the
same span and the same number of holes as the original bridge. After the reconstruction and
expansion, the whole line will be uniformly expanded to 8 lanes, that is, the reconstruction
and expansion bridge is expanded from 28 m of the original bridge width to 44.5 m, 7 m on
the left, and 9.5 m on the right.

To further study the feasibility of the “pile-column integration” process concept,
this study plans to carry out the full-scale prefabrication and non-destructive quality
monitoring of a novel bridge substructure for “pile-column integration”. The substructure
of the new bridge could partly use the original pier column and foundation, and a new cap
beam (abutment cap) would be built. The expansion part adopts a column pier and pile
foundation with a column diameter of 1.3 m and pile diameter of 1.5 m according to the
original pier and abutment structure layout and geological conditions, and considering
the feasibility of construction. The abutments on both banks shall be on both sides of
the foundation of the original pile foundation column abutment, the conical slope shall
be removed, and a 2 cm construction joint should be reserved at the connection part of
the abutment cap between the existing old bridge and the widened bridge. Based on
the full-scale prefabricated bridge structures, the technical parameters of the design and
prefabrication of the “pile-column integration” process would be obtained, so as to guide
the application of the “pile-column integration” process in the engineering entity.

2.2. Main Materials and Properties of Prefabricated Bridge Substructure

In this study, the materials used for the “pile-column integration” technology of
prefabricated bridges are mainly concrete and reinforcement. The high-strength concrete
labeled C70 is used for the pipe pile, the concrete mortar labeled C30 is used for the grouting
of the embedded pile, and the concrete labeled C40 is used for the cap beam prefabricated
in advance. In addition, 24 groutings of galvanized bellows with a length of 6 cm are set at
the top of the pier, and the epoxy mortar leveling layer labeled C50 with a thickness of 2 cm
is set at the top of the pier. The properties of different grades of concrete and reinforcement
are listed in Tables 1 and 2, respectively.
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Table 1. Properties of concrete used in this study.

Axial

P Elastic Modulus Bulk Density Compression Axial Tensufn . , . Lmea‘r
arameters 3 . Strength Design Poisson’s Ratio Expansion
(MPa) (kN/m?) Strength Design L . o

fiq (MPa) Coefficient (°C)
f.q (MPa)

C70 3.75 x 10 26 30.5 2.10 0.2 1.0 x 107°
C50 3.45 x 10 26 22.4 1.83 0.2 1.0 x 1075
C40 3.25 x 10* 26 18.4 1.65 0.2 1.0 x 1072
C30 3.00 x 10% 26 13.8 1.39 0.2 1.0 x 107°

Table 2. Properties of reinforcement used in this study.

Parameters Elastic Modulus E; Tensile Design Standard Strength
(MPa) Strength f,4 (MPa) fo (MPa)
HPB300 2.1 x 10° 195 300
HPB400 2.0 x 10° 280 400

2.3. Non-Destructive Quality Monitoring Methods

Considering that the “pile-column integration” technology of prefabricated bridge
structures is a first in China, there is little experience for reference. Through the prepared
full-size prefabricated bridge structures in this study, the prefabricated components and
quality monitoring results in the “pile-column integration” process of the prefabricated
bridge could be tested to whether the prefabricated components meet the requirements.
The detailed framework of this study is shown in the below Figure 1a.

Prefabrication Monitoring Test

T
Concrete strength Digital diSplay’

Pile-column rebound instrumen

Cover thickness of
reinforcement Hand-held steel bar scanner

Cap beam

Component SAEE Leica Nova series MS60 total station

[——————————————————

(@)

Rebound test area

Pipe pile Rebound test area

(b)

Figure 1. Cont.
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Figure 1. Non-destructive quality monitoring methods of full-size prefabrication and monitoring of
bridge components for “Pile-Column Integration: (a) study framework; (b) the rebound test area of
prefabricated concrete components for “Pile-Column Integration”; (c) schematic diagram of eddy
current equivalent circuit; (d) the principle diagram of point position calculation.

2.3.1. Concrete Strength Monitoring Test Based on Rebound Method

According to “Technical specification for strength testing of high strength concrete”
(JGJ/T294-2013) and “Technical specification for inspection of concrete compressive strength
by rebound method” (JGJ/T23-2011), the strength of prefabricated pile-column and prefab-
ricated cap beam can be tested by a digital display rebound instrument. The rebound test
area of concrete components was firstly selected, as shown in Figure 1b, and the rebound
test area should be 20 cm X 20 cm square, in which 16 rebound test points were tested in
each rebound test area. After excluding 3 maximum values and 3 minimum values from
the 16 rebound test values in each test area, the average rebound test value of each test area
could be calculated with the remaining 10 rebound test values by Equation (1).

55
R==Y"R, (1)
10~

1=

where R is the average rebound test value of concrete components at a certain curing age,
R; is the effective rebound test value of the i-th test point.

2.3.2. Cover Thickness Monitoring Test of Reinforcement Based on Electromagnetic
Induction Method

According to “Technical specification for the test of reinforcing steel bar in concrete”
(JGT/T 152-2008), the cover thickness of reinforcement for prefabricated pile-column and
prefabricated cap beam could be detected by using a hand-held steel bar scanner. The
principle of the electromagnetic induction method is described in Figure 1c: there are
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two groups of coils in the probe. One group is the magnetic field coil, which generates
the magnetic field induced by the pulse signal, and the other group is the induction coil,
which induces the change of magnetic induction generated by the steel bar. The host can
determine the cover thickness of reinforcement according to the strength of the induced
magnetic field by dealing with the change of voltage in the induction coil. Coil impedance
(Z) is related to various parameters of metal conductors, as defined in Equation (2).

Z=f(o, u, x, w), 2

where p is the resistivity, u is the permeability, x is the distance between coil and conductor,
w is the corresponding angular frequency. It can be seen that when the parameters of
the tested material are unchanged, coil impedance is only related to the distance, so the
distance between the reinforcement and the tested plane can be deduced.

2.3.3. Component Size Monitoring Test Based on 3-D Point Cloud Scanning System

According to “Quality inspection and evaluation standards for highway engineering”
(JTG F80-2004), the size and appearance defect inspection of prefabricated bridge compo-
nents including pile-column and cap beam could be detected by using a Leica Nova series
MS60 total station based on 3-D point cloud scanning system. The basic composition of the
3-D MS60 total station is divided into distance measuring devices and angle measuring
devices. The space distance between the Leica Nova series MS60 total station and the mea-
sured object is measured by emitting a laser through the distance measuring device. The
angle measuring device can be used to measure the horizontal angle and vertical angle from
the MS60 total station to the measured object. Then, according to the obtained horizontal
angle (x), vertical angle (), and spatial distance (D), the relative position of the measured
object relative to the MS60 total station could be calculated, and then the absolute spatial
coordinates of the measured object can be obtained by introducing the absolute coordinates.
The principle diagram is shown in Figure 1d. Thus, the three-dimensional coordinates of
point P can be expressed by the measured three geometric values, i.e., horizontal angle («),
vertical angle (§), and spatial distance (D) by the following equations.

x = Dcosa-cosp, 3)
y = Dcosa-sin, 4)
z = Dsinp, ®)

3. Prefabrication of Pile-Column and Cap Beam
3.1. Prefabrication and Quality Monitoring of Pile-Column
3.1.1. Prefabrication of Pile-Column

The prefabrication of pile-column is described in Figure 2 as follows:

e  The reinforcement was cut reasonably according to the size requirements to avoid
waste. Different grades of reinforcement should not be mixed. Before the framework
was formed, the main reinforcement was grouped in equal lengths, of which the
relative error of length shall not be greater than L/4000. The spiral stirrup & 8.0 high
strength cold drawn steel wire was used, which was bound and welded with binding
wire. Cage reinforcement was divided into inner and outer layers.

e  The steel mold was disassembled, the cement slag and other residues were cleaned,
and the release agent was sprayed. Cage reinforcement was lifted into the steel mold,
and the main reinforcement should be straight and parallel to the edge of the steel
mold to prevent the cage reinforcement from loosening.

o  The centrifugal forming process could be divided into four stages: low speed—low
medium speed—medium speed—high speed. After the pier was centrifuged, the
prefabricated samples entered the steam curing pool. The temperature in the pool was
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set as 30-40 °C, the humidity was >95%, and the mold was removed after the total
curing time reached 10 h.

e  Demolding was carried out after the strength test met the standard, and it was lifted
and placed gently to prevent collision and damage. The concrete slag was cleaned and
the appearance defects repaired. The exposed reinforcement with cement slurry was
then evenly brushed.

§ Steam curing

Figure 2. The prefabrication process of pile-column.

3.1.2. Quality Monitoring of Pile-Column
e  Concrete strength of prefabricated pile-column

The design concrete strength of the prefabricated pile-column in this study is C70,
which belongs to high-strength concrete. High-strength concrete has the characteristics
of high strength, high brittleness, and poor shrinkage cracking resistance. According
to the prefabrication process of pile-column in Figure 2, a total of 10 prefabricated pile-
column specimens were prepared. After curing for 30 days, according to Chinese technical
specifications, the concrete strength of the prefabricated pile-column was tested by using
a digital display rebound instrument. Following the rebound test area of pile-column
concrete, the rebound test area with the size of 20 cm x 20 cm was selected, and 16 rebound
test points were tested in each rebound test area for these 10 prefabricated pile-column
specimens. The concrete strength monitoring test of the prefabricated pile-column using a
digital display rebound instrument is shown in Figure 3a.

Based on the measured rebound values of these 10 prefabricated pile-column speci-
mens, three maximum rebound values and three minimum rebound values were excluded
from the 16 measured rebound values of each rebound test area. The average rebound
test value of each test area could be calculated with the remaining 10 rebound test values
through Equation (1), and the average rebound value results of 10 prefabricated pile-
column specimens after curing for 30 days are shown in Figure 3b. From Figure 3b, it
can be seen that the concrete strength results of all prefabricated pile-column specimens
tested by the rebound method are evenly distributed at 80 MPa, and there is little difference.
Among these concrete strength values of 10 prefabricated pile-column specimens, a small
number of pile-column specimens have respective lower concrete strength values, and
most of them are above 80 MPa. Considering that the design concrete strength of the
prefabricated pile-column in this study is C70, on the whole, the monitoring results of
concrete strength of prefabricated pile-column components in the same batch by rebound
method are relatively stable. This is consistent with the findings obtained by Xu et al., that
is, the strength values with the coefficient of variation being 7.0% were estimated from the
rebound data [33]. The rebound strength results showed that the concrete strength of the
prefabricated pile-column components in the same batch were qualified, and the rebound
monitoring results of concrete strength of prefabricated pile-column components in the
same batch were much higher than the design concrete strength, and their qualified rate
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were 100%, indicating that the prefabricated pile-column components in this study could
meet the design requirements.
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Figure 3. Concrete strength of prefabricated pile-column: (a) the concrete strength monitoring test of
a prefabricated pile-column using a digital display rebound instrument; (b) the rebound values of
10 prefabricated pile-columns after curing for 30 days.

e  Cover thickness of reinforcement of prefabricated pile-column

The cover thickness of reinforcement of the prefabricated pile-column is designed as
46 mm in this study. According to the prefabrication process of pile-column, a total of 10
prefabricated pile-column specimens were prepared, and the allowable value range of cover
thickness of reinforcement is 36 mm-56 mm. Referring to Chinese technical specifications,
the cover thickness of reinforcement of these 10 prefabricated pile-column specimens was
tested by using a hand-held steel bar scanner, as shown in Figure 4a.
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Figure 4. Cover thickness of reinforcement of prefabricated pile-column: (a) the cover thickness
monitoring test of a prefabricated pile-column using a hand-held steel bar scanner; (b) the cover
thickness values of reinforcement for 10 prefabricated pile-column specimens.

In this study, the hand-held steel bar scanner was adopted to monitor the longitudinal
reinforcement in these 10 prefabricated pile-column specimens at different parts on the side
of the test prefabricated component. The design cover thickness value of the longitudinal
reinforcement in the prefabricated pile-column components in this study is 46 mm. The
measured cover thickness value of the longitudinal reinforcement for 10 prefabricated pile-
column specimens is shown in Figure 4b. As seen in Figure 4b, the cover thickness value
of the longitudinal reinforcement in 10 prefabricated pile-column specimens measured
by the hand-held steel bar scanner are evenly distributed in the allowable value range of
cover thickness of reinforcement within 36~56 mm, and there is little difference. Among
these cover thicknesses of reinforcement for 10 prefabricated pile-column specimens, a
small number of pile-column specimens have respective lower or higher cover thickness
values of reinforcement, and most of them are within the allowable value range. On the
whole, the monitoring results of cover thickness of reinforcement in prefabricated pile-
column components in the same batch by electromagnetic induction method are relatively
stable. This view is supported by Kobaka, J. et al. who wrote that this NDT method
allowed the detection of the spacing in subsequent layers located in the thickness of the
slab [34]. The cover thickness results of reinforcement showed that the cover thickness
of reinforcement for the prefabricated pile-column components in the same batch was
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qualified, and the cover thickness monitoring results of reinforcement of prefabricated pile-
column components in the same batch basically fell within the allowable range, and their
qualified rates were around 90%, indicating that the prefabricated pile-column components
in this study could meet the design requirements of the cover thickness of reinforcement.

o  Component size of prefabricated pile-column

According to the design and prefabrication process of pile-columns, a total of 10 pre-
fabricated pile-column specimens were prepared, and there are several pile length values
of 5m, 12 m, and 13 m for these pile-column specimens. The design’s outer diameter of
pile-column specimen is 1300 mm and the design inner diameter of pile-column specimen
is 700 mm. Referring to Chinese technical specifications, the component size of these prefab-
ricated pile-column specimens were tested and monitored by using Leica Nova series MS60
total station combined with a 3-D point cloud scanning system, as shown in Figure 5a.

In this study, these 10 prefabricated pile-column specimens were selected as the test
object. Through the method of resection on-site, the component size data of prefabricated
pile-column specimens were scanned by using Leica Nova series MS60 total station, in
which the scanning mode through polygon range was set as 0.001 m horizontally and
0.001 m vertically. The scanning time of each station was about 5-8 min. The measured
component size including outer diameter, inner diameter, and pile length for 10 prefabri-
cated pile-column specimens are shown in Figure 5. It can be seen from Figure 5b that all the
pile length values of these 10 prefabricated pile-column specimens measured by the Leica
Nova series MS60 total station are distributed in the allowable value range of pile length
with the allowable deviation of 50 mm, and their deviation values of these 10 prefabricated
pile-column specimens are 0 mm. As seen in Figure 5c, all the outer diameter values of
10 prefabricated pile-column specimens measured by the Leica Nova series MS60 total
station are within the allowable deviation of 5 mm, and there is little difference in their
deviation values. However, almost half of the inner diameter values of 10 prefabricated
pile-column specimens measured by the Leica Nova series MS60 total station are within the
allowable deviation of 5 mm, and their deviation values are quite different. On the whole,
for the prefabricated pile-column components in the same batch, the pile length and outer
diameter measured based on the 3-D point cloud scanning system basically fell within the
allowable range, and their qualified rates were around 100%, indicating that the prefabri-
cated pile-column components in this study could meet the design requirements of the pile
length and outer diameter. In contrast, about half of the inner diameter measured based on
the 3-D point cloud scanning system was within the allowable range, and their qualified
rates were about 50%. Similarly, Cui et al. found that the precision of reconstructed surface
models obtained by the 3-D point cloud scanning system were mostly larger than 60% [35].
Thus, the monitoring results of component size of prefabricated pile-column in the same
batch by 3-D point cloud scanning system were relatively stable when the component size
was relatively larger, but the monitoring effect of the 3-D point cloud scanning system still
needs to be improved.

%O:].%\":,. R

3-D point cloud result Section data extraction Component size comparison

(a)

Figure 5. Cont.
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Figure 5. The component size monitoring for 10 prefabricated pile-column specimens: (a) The

component size monitoring test of a prefabricated pile-column using Leica Nova series MS60 total

station; (b) Pile length monitoring results and (c) Outer and inner diameter monitoring results.

3.2. Prefabrication and Quality Monitoring of Cap Beam
3.2.1. Prefabrication of Cap Beam

The prefabricated cap beam is designed with concrete of grade C40. The prefabrication

of the cap beam is described in Figure 6 as follows:

e  The reinforcement cage processing of the cap beam adopted the concept of modular
finishing of reinforcement. The Machine Elettroniche Piegatrici (MEP) reinforcement
numerical control bending and shearing center is used to cut, bend and straighten the

reinforcement.

o  The steel formwork used for prefabricated cap beams requires high processing accu-
racy, convenient disassembly and assembly of formwork, and reasonable combination.
The thickness of the steel plate should not be less than 10 mm, and the finish rolled
deformed bar was adopted. Sandblasting and spray painting treatment was carried

out in the steel formwork.



Buildings 2022, 12, 715

12 of 16

e  Concrete of grade C40 was used for the pouring of cap beam, polycarboxylic acid
water reducer was used, and the water-cement ratio was controlled within 0.28. Water
pipes were used for direct spray curing to ensure the spray curing every 2 h. In
high-temperature conditions, geotechnical wetting and covering measures were taken
to ensure spray curing at least once every 1 h.

4 : §8,
Reinforcement

module processing

Figure 6. The prefabrication process of cap beam.

3.2.2. Quality Monitoring of Cap Beam
e  Concrete strength of prefabricated cap beam.

The design concrete strength of the prefabricated cap beam in this study is C40, and a
total of 3 prefabricated cap beam specimens were prepared according to the prefabrication
process of the cap beam in Figure 6. After curing for 30 days, according to Chinese technical
specifications, the concrete strength of the prefabricated cap beam was tested by using a
digital display rebound instrument. Following the rebound test area of cap beam concrete,
the rebound test area with the size of 20 cm x 20 cm was selected, and 16 rebound test
points were tested in each rebound test area for the prefabricated cap beam specimens.
The concrete strength monitoring test of a prefabricated cap beam using a digital display
rebound instrument is shown in Figure 7.

Figure 7. The concrete strength monitoring test of a prefabricated cap beam using a digital display
rebound instrument.

Three maximum rebound values and three minimum rebound values were excluded
from the 16 measured rebound values of each rebound test area for 3 prefabricated cap
beam specimens. The average rebound test value of each test area could be calculated with
the remaining 10 rebound test values through Equation (1), and the average rebound value
results of 3 prefabricated cap beam specimens after curing for 30 days are shown in Figure 8.
In Figure 8, it can be seen that the concrete strength results of all prefabricated cap beam
specimens tested by the rebound method are evenly distributed in the range of 30-50 MPa.
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Among these concrete strength values of three prefabricated cap beam specimens, there is
a large difference, and the corresponding average rebound values are above 40 MPa. As
discussed above, the monitoring results of concrete strength of prefabricated cap beam
components in the same batch by rebound method were relatively stable. The qualified
rate of concrete strength of prefabricated cap beam components in the same batch was
100%, indicating that the prefabricated cap beam components in this study could meet the
design requirements.
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Figure 8. The rebound values of prefabricated cap beams after curing for 30 days.

e  Cover thickness of reinforcement of prefabricated cap beam.

The cover thickness of the longitudinal reinforcement of the prefabricated cap beam is
designed as 46 mm in this study. According to the prefabrication process of the cap beam,
a total of 3 prefabricated cap beam specimens were prepared, and the allowable value
range of cover thickness of reinforcement is 41~51 mm. Referring to Chinese technical
specifications, the cover thickness of the longitudinal reinforcement of these prefabricated
cap beam specimens was tested at different parts by using a hand-held steel bar scanner.
The measured cover thickness value of the longitudinal reinforcement for prefabricated
cap beam specimens is shown in Figure 9. Most cover thickness values of the longitudinal
reinforcement in prefabricated cap beam specimens measured by the hand-held steel
bar scanner were evenly distributed in the allowable value range of 41-51 mm. Among
these cover thicknesses of reinforcement for the prefabricated cap beam specimens, only
several cap beam specimens have respective lower or higher cover thickness values of
reinforcement. On the whole, the monitoring results of the cover thickness of reinforcement
in prefabricated cap beam components in the same batch by electromagnetic induction
method were relatively stable. The cover thickness monitoring results of reinforcement
of prefabricated cap beam components in the same batch fell within the allowable range,
and their qualified rates were around 90%, indicating that the prefabricated cap beam
components in this study could meet the design requirements of the cover thickness of
reinforcement. This result is supported by Kobaka et al. [34].

o  Component size of prefabricated cap beam.

The design length, width, and height of the cap beam specimens are 8500 mm,
1700 mm, and 1450 mm according to the design and prefabrication process of the cap
beam. Referring to Chinese technical specifications, the component size of the prefabricated
cap beam was tested and monitored by using the Leica Nova series MS60 total station
combined with a 3-D point cloud scanning system. The measured component size results
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of the prefabricated cap beam specimens are shown in Figure 10. The allowable deviation
of length for the prefabricated cap beam is 50 mm, and the allowable deviation of width,
height, and corrugated pipe diameter for the prefabricated cap beam is 5 mm. It can be seen
from Figure 10 that all the length and width values of the prefabricated cap beam specimens
measured by the Leica Nova series MS60 total station are distributed in the corresponding
allowable value ranges. For the prefabricated cap beam components in the same batch, the
length and width measures based on the 3-D point cloud scanning system basically fell
within the allowable range, and their qualified rates were around 100%, indicating that
the prefabricated cap beam in this study could meet the design requirements of the length
and width. However, based on the 3-D point cloud scanning system, the qualified rates of
height and corrugated pipe diameter were 67% and 33%, respectively, which is consistent
with the findings obtained by Cui et al. [35].
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Figure 9. The cover thickness values of reinforcement for prefabricated cap beam specimens.
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Figure 10. The component size values of prefabricated cap beam specimens.

4. Conclusions

Based on the assembly process of “pile-column integration”, the full-scale bridge sub-
structure, including pile column and cap beam, was reasonably designed and prefabricated.
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Then the quality monitoring of full-scale prefabricated bridge substructure for “pile-column
integration” was carried out based on a series of nondestructive testing technologies. From
the test results, the following conclusions were drawn:

(1) The concrete strength monitoring results of prefabricated components by the rebound
method are relatively stable. The concrete strength of the prefabricated components
was higher than the design concrete strength and their qualified rate was 100%,
indicating that the prefabricated components could meet the design requirements.

(2) According to the monitoring of cover thickness of reinforcement, the cover thickness
values of reinforcement in prefabricated components by electromagnetic induction
method were relatively stable, the cover thickness of reinforcement basically fell
within the allowable range, and their qualified rates were around 90%.

(3) The component size of the prefabricated components could be tested by a 3-D point
cloud scanning system. When the component size was relatively larger, the monitor-
ing results of component size of prefabricated components by the 3-D point cloud
scanning system were relatively stable, but the monitoring effect of the 3-D point
cloud scanning system still needs to be improved.

(4) The quality monitoring of full-scale bridge substructures for “pile-column integration”
proved the rationality of prefabrication and the feasibility of non-destructive testing
technologies, providing references for the application of “pile-column integration”.
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