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Abstract: A series of experiments were carried out for developing a paint coating removal method for
high-strength bolted joints in steel bridges. The paint-coated bolted joint specimens were heated to
the target temperature of 200 °C by using a sheet-type ceramic heater. The maximum temperature of
specimens could be controlled within 10% of the target value. The paint coating was easily removed
by using general tools after heating. The behaviour of bolts with thermal expansion and shrinkage
was monitored by strain gauges attached to the bolts during heating. It was estimated that the axial
forces of the bolts were reduced by 2.6% of the initially installed axial forces, on average.
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1. Introduction

Steel structures used in corrosion environments such as ships, buildings, bridges, and
any other mechanical structures have risks of corrosion damage. The corrosion damage
reduces the thickness of steel members so that the mechanical performances of steel
members are reduced. Therefore, the steel structural members should be properly protected
against corrosion damage. There are typical corrosion protection methods such as painting,
Zn hot-dip galvanising, and thermal spraying. The most general corrosion protection
method is paint coating.

The paint coating is applied to the surface of steel members with multiple layers.
Firstly, the surface of the steel member is cleaned by grinding or blasting for ensuring adhe-
sion between the undercoat of paint coating and the steel substrate. Then, the middle coat
and topcoat are applied for achieving the required performance and durability. However,
the paint coating of steel structures gradually deteriorates under severe corrosion environ-
ments. In the case of steel bridges in Japan, the service life of paint coating is determined
to range from 15 years to 60 years depending on the corrosion environments [1]. In Japan
and elsewhere, paint coating systems with a zinc-rich primer, an epoxy intermediate layer,
and a polyurethane topcoat with long-term service life between 25 to 30 years have been
reported [2]. Other reports have shown that the zinc-rich primer-based coating system may
have 30 years of service life. Furthermore, the age of the coating might reach 55 to 80 years
if the zinc-rich primer is not damaged [3].

However, the deteriorated paint coating should be repaired or renewed to protect
the steel member under the coating. Then, it is important to clean the surface of the steel
substrates properly because the remaining rust and other materials strongly reduce the
performance of renewed paint coating [4]. For cleaning the steel surface, including the
removal of the deteriorated paint coating, several mechanical methods such as grinding by
power tools, blasting, and water jets are used [5]. However, the generation of dust and waste
should be managed for the surrounding environments and the health conditions of workers.
A chemical method with a paint coating removal agent is an effective countermeasure for
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collecting the dust and waste easily. However, the removed paint coating includes the
viscous liquid of the agent. This means that the amount of waste is increased. Furthermore,
impregnating the paint coating removal agent from the surface to the inside of the existing
paint coating before removing it takes a long time. Therefore, the chemical method is not
effective for removing thick paint coating or tight rust [5].

For solving these difficulties in paint coating-removal, several innovative methods
have been developed and examined. Recently, laser paint stripping has been noted in the
field of automobile and aircraft engineering [6]. Not only the single use of the laser, but also
the combination of the water jet and the laser has been applied for paint coating removal [7].
Among the innovative paint coating removal methods, a thermal method with induction
heating (IH) is expected as a countermeasure for the existing methods from the viewpoints
of less dust, rapid work, and low environmental load [5]. That is, the paint-coated steel
member is heated by high-frequency induction heating. The paint coating becomes easily
removed by the temperature rise because the adhesion is decreased. It is widely used as a
commercial method in several products such as storage tanks, pipelines, steel structures,
ships, and offshore structures [8]. However, there are few reports of the academic study or
investigation of paint coating removal by heating including the IH method. We previously
conducted a fundamental investigation of the applicability of the induction heating to
paint coating removal [9]. There are some construction reports of the application of the IH
method to the paint coating removal of the steel bridges in Japan [10,11]. It is known that
the IH method is reasonable for applying flat parts of steel members, but is difficult to apply
to bolted joints with complicated shapes. Moreover, the influence of rapid temperature
rise by the induction heating on the axial force of the bolts is unknown. Therefore, the
application of the IH method to the bolted joints in steel bridges is limited.

As a countermeasure of this limitation to the IH method, this study aims to develop
a paint coating removal method with heating as well as the IH method. However, the
method in this study does not use induction heating. On the contrary, a slow but high-
controllable heat source, which is a ceramic heater, is used for managing the temperature
accurately. We previously confirmed the accurate controllability of the temperature in the
heat treatment experiments of the specimens assuming the steel bridge members [12,13].
Furthermore, we experimentally examined the application of this ceramic heater for the
paint coating removal of bolted joints specimens [14]. In this experiment, the accurate
temperature control could be confirmed for the bolted joints. However, the influence of
heating on the axial force installed into the bolts has not been sufficiently elucidated. In
this study, the influence of heating for the paint coating removal on the axial force of the
bolt was examined.

2. Experimental Specimen

Figure 1 shows the shape and dimension of the experimental specimen in this study.
A base plate with 205 mm x 380 mm was sandwiched between two cover plates with
175 mm X 320 mm. A steel plate with 400 mm x 100 mm was welded to the base plate for
preventing the rollover of the specimen. The material of these plates was 55400, and they
were 9 mm thick. The base plate and cover plates had 2 x 4 bolt holes with a diameter of
24.5 mm. High-strength bolts of F10T and M22 were inserted into the holes and tightened
by the specified axial force [15]. The mechanical properties of the steel plate and the bolts
are shown in Table 1. There were two manufacturing lots of the bolts because of a time lag
of the procedure; however, there was a slight difference in the mechanical properties of
these bolts. The number of specimens was two.
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Figure 1. Shape and dimension of the specimen.

Table 1. Mechanical properties of the materials.

. Yield Strength Tensile Strength Elongation
Material (N/mm?) (N/mm?) (%)
Plate: SS5400 323 440 33
Bolt (rot 1): F10T 1022 1076 20
Bolt (rot 2): F10T 1023 1077 20

Two specimens were painted by the A-type paint coating system. The specifications
of the A-type paint coating systems are shown in Table 2 [16]. The A-type paint coating
system is for steel structural members under normal corrosion environments such as
mountainous or rural areas away from the seaside, where they have been used for many
years. Even though the heavy-duty paint coating system is promoted for newly constructed
steel structures at present, there are a lot of existing steel structures with the A-type paint
coating system.

Table 2. Specifications for A-type paint coating system (Bolted joints).

Process Paint Type Thickness (um)
Surface preparation Grinding, ISO St3 -
Undercoat Anti-corrosion paint without Pb and Cr 35 x 3 layers
Middle coat Long oil alkyd resin 30
Topcoat Long oil alkyd resin 25

3. Experimental Procedure
3.1. Device for Heating of Bolted Joints

Figure 2 shows the assembly of the ceramic heater for surrounding the nut in a ring
shape. The ceramic pieces of 25.4 mm wideth, 23.4 mm hight, and 10.7 mm thickness were
assembled to fit the nut of 32 mm wideth and 22 mm hight. The inner diameter and the
height of the assembled heater were around 45 mm and 50 mm, respectively. The Ni-Cr
electric wire with the diameter of 3.5 mm was covered by the ceramic pieces. The electric
resistance of the wire was 0.11 (2/m. The electric power of the heater was 0.2 kW per ring.
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Figure 2. Assembly of the ceramic heater.

Figure 3a shows the heating device for the paint coating removal of bolted joints. The
ceramic heater was assembled so that it surrounded each nut. The specimen and the heater
were covered by thermal insulation material, as shown in Figure 3b. Figure 4 shows the
positions of thermocouples. The thermocouples from TC1 to TC8 were attached to the tip
of each bolt shaft. The thermocouples from TC9 to TC11 were attached to both surfaces
of the cover plates. The thermocouple of TC3 was used for controlling the heat input and
monitoring the temperature.
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Figure 4. Positions of thermocouples.
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One previous research showed that the glass transformation temperature (Tg) of the
fire-resistant alkyd resin for the paint coating was around 163 °C [17]. Another study
reported that the alkyd resin coating for the mild steel was stable under the temperature
170 °C [18]. When the temperature was higher than this value, there was considerable
mass loss by the base resin degradation. Therefore, the paint coating with the alkyd resin
for the specimens in this study was estimated to be softened and prone to be removed
by heating to 200 °C. To suppress the influence of the heating on the bolt axial force, the
target temperature of the paint coating removal was set as 200 °C in this study. The target
temperature was also determined by considering the reports that there was no change in
the mechanical properties and shear strengths of the high-strength steel bolts after being
subjected to heating up to 300 °C [19]. The heating was stopped when the temperature of
TC3 reached 200 °C. To ensure the accurate control of temperature, the heating time was
set as around 1800 s based on previously performed trial experiments. The actual heating
time was 1680 s for Specimen No.1 and 1950 s for Specimen No.2.

3.2. Paint Coating Removal

After reaching the target temperature of 200 °C, the paint coating on the specimens
was removed using hand tools such as a scraper and a steel rod. Figure 5a shows the areas
of paint coating removal. The paint coating of the right sides of the specimen including
four bolts was removed by using these hand tools. The time for paint coating removal
work by the hand tools was 240 s. The paint coating of the left side of the specimen was
removed by the hand tools as well as the right side by 240 s. After that, the paint coating
of the left side of the specimen was removed by an electric brushing tool with steel wire.
Figure 5b shows the tools of paint coating removal work. The electric wire brush was a
general commercial product. The wire brush was connected to an electric hand drill with
the power consumption of around 700 W. It was recommended that the rotation speed is
adjusted to no more than 600 rpm when used for the paint coating removal. The brushing
time was roughly 30 s per nut.
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Figure 5. (a) Areas of paint coating removal work; (b) tools for paint coating removal.

3.3. Strain Measurement of Bolts

For measuring the change in axial force during heating, strain gauges were attached
to the surfaces of the bolt axes. Figure 6 shows the process of attaching the strain gauges.
Two holes with a diameter of 3 mm were drilled into the bolt head. The lead wires of
strain gauges were inserted into the holes. The strain gauges were attached to the position
12.5 mm away from the lower surface of the bolt head. Two strain gauges were attached
on three bolts (#1, #3, and #6) per specimen.
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Figure 6. Process and position of a strain gauge in a bolt.

The axial forces of the bolts were estimated by using a calibration coefficient previously
obtained. The relationship between the axial force and the strain was obtained using five
bolts. Figure 7a shows the appearance of the calibration experiment. Figure 7b shows the
results of the calibration experiment. The slope of the relationship between the axial force
and the strain corresponds to the calibration coefficient, which is 7.517 x 10*. The change
in axial force during the heating experiment was obtained by multiplying this coefficient to
the measured strain value.
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Figure 7. (a) Appearance of calibration experiment; (b) relationship between strain and axial force of
the bolts.
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4. Results and Discussions
4.1. Temperature Histories

Figure 8 shows the temperature histories during the heating (Figure 8a: Specimen
No.1, Figure 8b: Specimen No.2). Because the tendencies of temperature histories of similar
positions (TC1 to TC4, TC5 to TC8, TC10 and TC11) were almost the same with each
other, only the temperature histories of TC2 (the upper bolt), TC6 (the lower bolt), TC9
(the cover plate of heated side), and TC10 (the cover plate of not heated side) are shown
as representatives.

The temperature of TC2 could be accurately controlled. The maximum temperatures
of TC2 in specimens No.1 and No.2 were 216 °C and 212 °C, respectively. They were within
10% of the target value. The temperatures of TC6 in specimens No.1 and No.2 were lower
by 30 °C than those of TC2 because the heat was transferred to the frame for fixing the
specimens. The temperatures of TC9 and TC10 attached to the cover plates were around
170 °C.



Appl. Mech. 2021, 2

734
300 300
TC2 : QO TC2 :O
5 250 F TC6 ;A 6250 FTC6 A
< TC9 o0 e TCY9 :
& 200 F TC'“:% Coatas T :8
5] (A < 5
£ 150 cha? o0 £ 150
8 e
%] [
E 100 g 100
= A =
50 --n; A Specimen No.1 50 Specimen No.2
0 1 L 0 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000
Time, ¢ (s) Time,  (s)
(a) (b)

Figure 8. (a) Temperature history of Specimen No.1; (b) temperature history of Specimen No.2.
4.2. Degree of Paint Coating Removal

Figure 9a shows the appearance of the specimen being heated. Although some water
vapor was generated when the temperature reached around 100 °C, substantial fumes and
gas did not arise from the heated specimens even in the target temperature state. Figure 9b
shows the appearance of the specimen when the thermal insulation and the ceramic heater
were detached from the specimen after reaching the target temperature. The blisters of the
paint coating were locally observed. Then, the paint coating was removed by the hand
tools and the electric tool. The electric tool generated minor noise because the steel wire

brush was stable under the recommended conditions and did not create a hitting sound
with adjacent nuts.

Figure 9. (a) The specimen being heated; (b) the specimen just after detaching thermal insulation.

Figure 10 shows the appearance of the specimens after the paint coating removal. The
paint coating of bolts could be removed by heating and using hand tools. However, the
paint coating at the boundaries between the nut and washer or between the washer and
cover plates was difficult to remove using the hand tools (right side). When using the
electric brushing tool in addition to the hand tools, more of the paint coating around these

parts could be removed (left side). The steel substrate at this part was exposed due to
the brushing.
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Figure 10. Appearance of the specimen after paint coating removal.

4.3. Behaviour of Axial Strain of Bolts

Figure 11 shows the behaviours of axial strains measured by three bolts in each
specimen (Figure 11a: Specimen No.1, Figure 11b: Specimen No.2). In this experiment, the
nuts were surrounded by the heater and heated. The thermal expansion of nuts elongated
the bolts. Therefore, the strain increases in the bolts were observed at 750 s in Specimen
No.1 and 450 s in Specimen No.2 from the start of heating. The maximum positive strains,
on average, were 28.8 uym/m (standard deviation: 10.7 pm/m) in Specimen No.1 and
22.3 um/m (standard deviation: 7.8 um/m) in Specimen No.2. After that, the strain was
reduced and changed to a negative value by the end of the heating. The minimum negative
strains, on average, were —89.5 um/m (standard deviation: 62.1 pm/m) in Specimen No.1
and —168.2 um/m (standard deviation: 65.5 pm/m) in Specimen No.2. The high tensile
axial forces originally were installed to the bolts. The additional expansions of bolts due to
the heating of nuts might cause the yielding of the bolts in the former heating stage at 750 s
in Specimen No.1 and 450 s in Specimen No.2. At that time, the temperatures of the bolt
tips measured by the thermocouples TC2 and TC6 were around 80 °C in Specimen No.1
and 46 °C in Specimen No.2, respectively. The thermal strain, e, of the steel material can
be calculated by the following Equation (1).

et = AT @)

where e is the thermal strain, « (1/°C) is the linear expansion coefficient (in the case of a
general steel material, o = 1.2 x 107°), and AT (°C) is the temperature change. When using
the initial temperature of the bolts as 25 and the temperatures of the bolt tips at the time
of 750 s in Specimen No.1 (80 °C) and 450 s in Specimen No.2 (80 °C), the thermal strains
might be 660 pm/m in Specimen No.1 and 252 pm/m in Specimen No.2, respectively. Even
though the temperatures of the nuts were not measured directly, they might be close to
the temperatures at the bolt tips (TC2 and TC6). Then, the thermal strain of the nuts might
be larger than the measured strain values of the bolt axes. This means that the thermal
expansion of the bolt might be restrained and the bolts may not be expanded freely in the
former heating stage. At the same time, the base plates and the cover plates were also
expanded in the thickness direction by the heating. The expansions might be restrained
by the bolts and the nuts. The high tensile axial forces of bolts and the expansions of the
plates might cause the yielding of cover plates around the bolt holes. The yielding of cover
plates around the bolt holes might release the elastic deformations of bolts. Therefore, the
decrease in strain might occur in the later heating stage.
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Figure 11. (a) Strain change of Specimen No.1; (b) strain change of Specimen No.2.

In the cooling stage, the deformations of the nuts, bolts, and cover plates might reduce.
However, the bolts were not recovered to their original lengths because of the plastic
deformation in the heating stage. As a result, the negative strain values might remain.
The values of the remaining strains, on average, were —63.3 pm/m (standard deviation:
19.4 ym/m) in Specimen No.1 and —89.5 um/m (standard deviation: 28.2 um/m) in
Specimen No.2.

4.4. Estimation of Axial Forces of Bolts

It is known that the axial force of the bolt directly influences the slip resistance of
the bolted joint. ISO10721 (Steel structures—Part 1: Materials and design) shows the slip
resistance of the bolted joints, which is proportional to the preloading force of the bolt (the
axial force) [20]. Previous research reported that not only the slip resistance but also the
fretting fatigue resistance of the bolt hole might be influenced by the magnitude of the
pre-tension (the axial force) of the bolt [21]. It can be said that the reduction in axial force
strongly influences the basic structural performance of the bolted joints. Therefore, the
effect of the sectional damage of the nut assuming the corrosion on the clamping force
of the bolt connections was examined [22]. The image-based or audio-based inspection
technologies for the bolt-loosening were investigated [23,24]. These references show the
importance of the reduction in the axial force of the bolts in the structural performance of
the steel bridges.

Table 3 shows the estimated axial forces of bolts from the values of strains. The axial
forces after tightening were estimated by multiplying the calibration coefficient by the
strain values obtained when the bolts were tightened. The reduction in the axial forces
of bolts due to heating was also estimated by multiplying the calibration coefficient by
the changes in the strain values after heating. The reduction in the axial forces of bolts
was 2.6% of the initially tightened axial forces, on average. It is known that the reduction
in the axial forces of bolts generally occurs due to relaxation of bolts. Considering this
reduction in axial forces and a certain safety margin, the target axial forces when initially
tightened is specified as 10% higher than the designed axial forces in Japan and Korea [25].
The reduction in axial forces of the bolts by the heating for paint coating removal was
relatively smaller than that by the relaxation of bolts. Although the influence of the heating
on the bolt axial force was experimentally examined, a more detailed investigation will be
numerically and analytically performed in future work.
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Table 3. Reduction in bolt axial force.
Specimen No.1 Specimen No.2 Average
#1 #3 #6 #1 #3 #6 (Standard Deviation)
Initial axial force (kN) 241 232 221 217 234 243 231 (10.5)
Axial force reduction (kN) 5.6 57 32 8.0 9.2 4.7 6.1(2.2)
Reduction percentage (%) 2.3 24 14 3.6 3.9 1.9 2.6 (0.97)

4.5. Power Consumption Estimation and a Proposal of Work Procedure for Paint Coating Removal

The ceramic heater used in this study had the electric power of 0.2 kW per ring.
Assuming the heating time of 1800 s, which was the original target value, the power
consumption for heating a nut might be estimated as 0.1 kWh. The electric tool used for
brushing the nut in this study consumed 700 W. The brushing time per nut was 30 s. The
power consumption for brushing a nut might be estimated as 0.006 kWh.

The ceramic heaters used in this study were assembled so that the nuts were sur-
rounded one by one. The ring-shaped heater units were connected to each other. Therefore,
the number of the heater units might be selected as matching the number of the nuts or
the bolts in the actual bolted joints in the steel bridges. However, it may be difficult to
heat many bolts and nuts in one joint simultaneously because the section will be heated.
Our previous research [14] recommended that bolts and nuts in some rows are heated at
one cycle. After heating the first group, the other groups of bolts and nuts can be heated.
During the second cycle of heating, the paint coating removal work for the first group,
which has already been heated, can be performed. By repeating this procedure, the waiting
time for the heating can be utilised. The actual working procedure should be considered
by the number of the bolts and the nuts in the joints.

5. Conclusions

A series of experiments were conducted for proposing a paint coating removal method
with heating by a ceramic heater for bolted joints in steel bridges. Based on the experimental
results, the influence of the heating on the bolt axial force was examined. The main results
obtained are as follows.

(1) The accuracy of temperature control by the heating device was confirmed. The bolted
joints specimens could be heated to the target temperature of 200 °C without extreme
overheating. After the heating, the paint coating around the bolts and the nuts could
be removed by using hand tools and an electric tool with a wire brush.

(2) The reduction in the axial force of the bolts was examined by monitoring the change
in strain during the heating process. The heating of the nuts expanded the bolts in the
former stage and the bolts might be yielded. The thermal expansion of the base plates
and the cover plates were restrained by the bolts in the later heating stage; therefore,
the plates around the bolt holes might be yielded. These yielding might cause the
reduction in the axial force of the bolts.

(3) The reduction in the axial force of the bolts was 2.6% of the originally installed axial
force, on average. It was within the safety margin in the design of bolted joints for
steel bridges.

In this study, the influence of the heating for the paint coating removal on the bolt axial
force was experimentally examined. The mechanism of the change in the bolt axial force
was discussed. However, a more detailed investigation will be numerically and analytically
performed in future work.
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