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1 Introduction

Steel materials such as sheet piling, steel pipe pile and
interlocked steel pipe pile have advantages of high
strength, easy installation and effectiveness in soft
ground, and are extensively used in harbor construc-
tion." When steel materials are used for harbor con-
struction, it is necessary to employ sufficient protection
against corrosion.? The tranditional method for handl-
ing corrosion was to design with a thickness allowance
for corrosion. However, severe localized corrosion
(sometimes called concentrated corrosion) is liable to

* Qriginally published in Kawasaki Steel Giho, 23(1991)1, 61-
68
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Synopsis:

This paper reports the inspection results qf corrosion of
port and harbour structures at Chiba Works and mainte-
nance techniques for them. Differences in the corrosion
rate of steel material berween with and without corrosion
protection was investigated. Electrode potential monitoring
and visual inspection of aluminum alloy anode were
proved to be effective in quality control of cathodic protec-
tion. The life of anode is expected to be extended by coat-
ing the structure at the tidal zone. For localized holes at
steel pipe piles and steel sheet piles, some repairing
methods have been developed and carried out. Finally the
newly developed KPP (Kawasaki polyethylene or urethane
resin coated pipe) pile is introduced as heavy-duty protec-
tive itreatment.

occur in the area just below M.L.W.L. Since it was diffi-
cult to foresee the causes of this concentrated cotrosion
and to predict its rate, and since the total-surface corro-
sion rate varies considerably with sea area, the problem
of corrosion became conspicuous in the 1980s.”

At the Chiba Works, which has steel harbor struc-
tures of 12.3 km in total length, corrosion has been
handled by cathodic protection and sacrificial corrosion
allowance, and it has been found in recent years that
the corrosion of non-protected structures was particu-
larly severe. Consequently, a thorough corrosion investi-
gation was carried out on all steel revetments and quays
in 1985. After this investigation corrosion protection
gathered momentum, and measures were instituted
such as new applications of cathodic protection to non-
corrosion-protected structures, repairs to severely cor-
roded structures and the use of heavy-duty anticorro-
sion-treated steel.

This report summarizes the corrosion investigations,
corrosion-protection measures and repair techniques to
the steel harbor structures which the authors have so
far carried out at Chiba Works.

2 QOutline of the Harbor Structures at Chiba
Works

Chiba Works is a coastal steelworks which was built
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Fig. 1 History of corrosion protection method at

Chiba Works

on land reclained from the sea to the south of Chiba
City. Reclamation was started in 1951, and the site area
amounts to 863 ha¥ which includes the Main Plant,
QOihama Area and West Plant. Initially mainly concrete
sheet piling was used for the revetments and quays.
The use of steel materials in the harbor structures was
made for the temporary structures of Q-berth at the
Main Plant for the first time in 1956. For the perma-
nent structures, flat steel sheet piling was used at L-
berth of the Main Plant, and interlocked steel pipe pile
was used at O-berth of the Main Plant in 1961 for the
first time. Later as Chiba Works expanded, more revet-
ments and quays using steel materials were built so that
today about 60% (12.3 km) of the current harbor struc-
tures amounting to 20.7 km in total involve steel struc-
tures.

Cathodic protection has been employed at Chiba
Works as a corrosion protection method. Initially, the
impressed current system was used, but this was grad-
ually changed to the aluminium alloy anode system
because of easier maintenance and improved perfor-
mance of the aluminium alloy anode,” the aluminimum
alloy anode system being universally used today. Heavy-
duty, auti-corrosion-treated steel pipe piles, interlocked
steel pipe piles and steel sheet piles, which are coated
with polyethylen to render them maintenance-free, are
now used for new installations or the replacement of
existing harbor structures.

History of corrosion protection in the revetments and
quays at Chiba Works is shown in Fig. 1. Cathodic pro-
tection by the impressed current system was adopted in
1963 for the first time (at A-berth), seven vears after
steel materials were used. Later, as reclamation pro-
gressed for the Main Plant and Oihama Area, the length
of revetments and quays increased, and in 1966, the
adoption of the aluminium alloy anode system began (at
O-berth). In 1970, cathodic protection was adopted for
80% of the total length of 2.9 km. In the 1970s, reclama-
tion work for the West Plant began, and a large quantity

West Piant
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Fig. 2 General layout of Chiba Works and location of
wharves and revetments

of steel material was used for the harbor structures. At
that time, cathodic protection was employed only for the
quays where cargo was handled, the other quays being
designed to the thickness allowance for corrosion. In 1979,
the greater part of the impressed current system was
changed to the aluminium alloy anode system. The appli-
cation of cathodic protection to the non-corrosion-protect-
ed structures has been carried out since 1986, although
about 30% of the steel harbor structures have no corrosion
protection. More than 17 years have now passed since
these non-protected revetments and gquays were con-
structed.

The positions of the revetments and quays which are
taken up in this report are shown in Fig. 2, and their
respective construction and the history of corrosion pro-
tection and repairs are shown in Table 1. As structural
members, steel sheet piles, steel pipe piles and inter-
locked steel pipe piles are used, and their combinations
and dimensions vary widely. For berths B, C and OA,
and for W3 quay, cathodic protection was adopted at
the same time as the structures were completed, but at
some of the revetments and quays, cathodic protection
was only adopted 3 to 20 vears after the completion of
construction. In addition, there are some places such as
OD' quay where the harbor structures have been left
without protection for 22 years. At E-berth, the column
for the jeliyfish prevention net at the East seawater
intake (point a}, O-quay, P-berth, R-berth and the East-
West connection bridge (point b) are being modified
and repaired as mentioned in Sec. 4.

3 Corroded Condition of the Steel Materials

3.1 Corrosion Investigation at the West Plant and
Oihama Area

In 1985, plate thicknesses were measured with an
ultrasonic thickness gauge throughout the steel harbor
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Table 1 Method of corrosion protection for wharves
and revetments at Chiba Works
Fini“s“};_ Corrosi;)_r;_
Structural type
] 1 . . f con- .-
ymbol | (i, (mm) x thick. (mm)) | 0f con- |- protec
B (Berth) Steel walled pipe piles 1965 | ((’65)
(863.6x10.3) BHCTH
C (Berth) Steel walled pipe piles 1968 {1 ('68)
(1016.0x 10.3) (2X"79,789)
E (Berth) Steel pipe piles (762.0%x7.1) | 1964 |23
(609.6%9.0) ('84)
a {(Water Steel pipe piles (318.5x6.9) 1972 | 3(E(°89)
entrance)
L (Berth} Steel sheet pile cell (KSP-F) | 1961 |(D(’64)
(@(’79,"89)
O {Revet- Steel pipe pile (300 x6.4) 1961 | (5(’84)
ment) | Steei plate (t6) @('90)
P (Berth) Steel pipe pile 1971 | (5("90) 4:Meas t Poi
(508, 660x7.9) ’ T et pipe pile
Steel sheet pile (KSP-II)
R (Berth) | Steel walled pipe piles 1962 | @E('7T9) Fig. 3 Measurement point of steel plate thickness
(508.8%9.0)
OA (Berth) | St i i 196 ' -
(Berth) eel walled pipe p(ltli%s{)x'?. B 6 %E,gg; I-;eman_llmg tguti)c(kness of steel
sheet pile
OD (Berth) | Steel walled pipe piles 1968 | (D ('69) 1.8 020 % zﬂwz zomumz)o 020 0 ZGE;W' L.
(1016.0 x 10.3) D{°82) 8 A Lo &
OD’ {(Revet- | Steel walled pipe piles 1968 i § ] EP
ment) (1016.0x10.3) H E N
OI (Berth) | Steel pipe pile (508.0%9.5) | 1973 | @@(’86) £ $
Steel sheet pile (KSP-IV) = 4 g LWL
E §
1 - H
b (Bridge) Steel pipe pile {(914.4 x12) 1971 | @&E(8T) E 3] § ®
W8 (Revet- | Steel sheet pile (KSP-IV) 1971 | @(88) = gz 3
ment) % aE ; - Connection
SA (Berth) | Steel pipe pile (609.6x 12) 1973 | @D (BT EE H bridge
W35 (Revet- | Steel sheet pile {KSP-1V) 1971 == i 17 years
ment) B g Initial thickness 15.5 mm
W4 (Revet- | Steel sheet pile (KSP-1V) 1971 = £
ment) HOE B
NA (Berth) | Steel pipe pile 1985 | (2),3){’85) @ @ ® ®
(800~914.4x12~15.88) Location number
w3 (Rn?l;si) Steel sheet pile (KSP-1V) 1971 %&%gﬁ) Fig. 4 Results of thickness measurement at W8
revetment

*¥L Corrosion protection method:
(I> Cathodic protection by impressed current
& Cathodic protection by aluminum alloy anode
@ Heavy duty polyethylene coated pipe (KPP)
(@) Coating
(&) Repair

structures at the West Plant and over the entire Qihama
Area. Measurement areas were set at an interval of
about 50 m along the revetments and quays, the loca-
tions of the measuring points for plate thickness being
shown in Fig. 3. The points to be measured were set at
an interval of 0.5 m in the zone from HW.L. to LWL,
and at an interval of 1.0 m in the zone from LW.L. to
LWL —2.0m, thereby giving 5 to 9 points in total in
each area. To measure plate thickness, three points were
taken respectively on the convex and concave surfaces
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of the steel sheet piles, four points on the outer circum-
ference for the steel pipe piles, and three points on the
sea side for the interlocked steel pipe piles. These mea-
surements of thickness were taken at each point and a
mean value calculated.

In 1987, the vertical-direction continuous plate
thickness distribution was investigated at W8-quay of
the West Plant, using a measuring system employing an
ultrasonic thickness gauge, which can give plate
thickness data at an interval of 1cm. The result is
shown in Fig. 4, the measurement areas being locations
@ to ® in the steel sheet pile quays on both sides of
the East-West connection bridge. These points had been
left unprotected for 16 years since they were construct-
ed, and all the measurements were taken on the convex
side of the steel sheet piles.

KAWASAKI STEEL TECHNICAL REPORT
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Fig. 6 Results of thickness measurement at Qihama
area

Although the patterns for plate thickness decrease are
different, the corrosion between AP —400 and AP
+1 800 mm (the lower end of the concrete top to the
steel sheet pile) was severe. At its worst, a thickness
decrease of about 12 mm was observed aginst the nomi-
nal thickness of 15.5 mm, leaving very little material
thickness. According to previous reports,®” conspicuous
corrosion (concentrated corrosion) is liable to occur
immediately below the mean low water level
(HLWL), and corrosion between the low and high
water levels (L.W.L. and HWL.) is considered to be
comparatively small; but in the present investigation, it
is characteristic that concentrated corrosion was iden-
tified in LW.L—-HWL. The results of the thickness
measurements (1985) at the West Plant and Oihama
Area are shown in Fig. § and 6, respectively. Because
W3-revetment had been given cathodic protection by an
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aluminium alloy anode since it was constructed, the
mean corrosion rate was as low as 0,008 mm/year. Dif-
ferent corrosion rates were observed at places such as
the non-corrosion-protected W4 and W5 revetments,
East-West connection bridge {(point b) and SA-berth.
The maximum value of the corrosion rate was found at
a location between L.W.L. and M.S.L., its value being
within the range of 0.04 to 0.3 mm/year. In the sea-
water-immersed portion of AP —20m or below, the
corrosion rate was below 0.1 mm/year. In the previous
investigations.>” it was reported that the mean corro-
sion rate on the convex surface of steel sheet piling was
0.057 mm/year near M.S.L., 0.126 mm/vear near L.W.L.
and 0.068 mm/vear in the upper zone immersed in sea-
water. In the case of the W4 and W5 revetments, the
same corrosion rates as thos in the previous investiga-
tions were obtained in the vicinity of LW.L. and in the
upper immersed zone, but near M.S.L., the corrosion
rate was 1.6 times greater, thereby indicating that con-
centrated corrosion had occurred. In the steel pipe pile
at point b, on the other hand, the peak value was seen
at LWL, and the corrosion rate below L.W.L. was
larger than that in the steel sheet pile, thereby giving a
corrosion rate profile approximating to the value from
the previous investigations. With the steel pipe pile at
SA berth, no concentrated corrosion near the tidal zone
was observed. The corrosion rates for non-corrosion-
protected steel materials in “Technical Standard for Har-
bor Facilities and Commentaries®” are 0.3 mm/year in
the splash zone above HW.L., 0.1 to 0.3 mm/year in
the tidal zone from HWL. to LWL, 0.1 mm/vear in
the seawater zone between L.W.L. and the sea bed, and
0.03 mm/year in the scil zone of the sea bed. These
values near the maximum values of the mean corrosion
rate in the non-corrosion protected areas shown in Fig. 5.

Regarding Fig. 6, OD-berth was given cathodic pro-
tection from the time of its construction; hence, its cor-
rosion rate was nearly constant in the depth direction,
being as low as 0.05 mm/year or less. Although OA-
berth was given cathodic protection from the time of its
construction, like OD-berth, its corrosion rate was
higher at (.09 mm/year. This may have been caused by
the fact that the cathodic protection method by the
impressed current system, which was installed at the
time of its construction, was not of order for some
time, thereby leaving OD-berth without corrosion pro-
tection. On the other hand, the interlocked steel pipe
pile wall of OD-berth and Oi-berth, which had no cor-
rosion protection, were severely corroded in the tidal
zone and showed the same trend as that at the West
Plant. The corrosicn rate at Ol-berth was as high as
0.39 mm/year at the peak value, this steel sheet pile
having a special construction with both sides exposed to
seawater so that corrosion from both sides was progress-
ing. If the corrosion rate from both sides was converted
into a single-side corrosion rate, the corrosion rate in
the tidal zone would be about 0.2 mm/vear.
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3.2 Corrosion Inspection at P-Berth of the Main
Plant

When the steel plate thickness continues to decrease
by corrosion, localized corrosion holes (pitting) soon
pccur in the material. As mentioned earlier, it is known
that, in the tidal zone immediately below the mean low
water level, severe localized corrosion will occur to a
harbor structure.” At Chiba Works, some structures
that had had no corrosion protection for more than 10
years were observed to have developed localized corro-
sion holes.

P-berth at the Main Plant was constructed in 1971.
Since it was left without corrosion protection, the corro-
sion became severe. In about 1985, the steel sheet piles,
which were exposed to seawater on both sides, devel-
oped localized corrosion holes. When repairs were made
in 1990, the corrosion condition was investigated. Each
steel sheet pile was of the II type. Qut of 300 sheet
piles, 270 had developed near-circular corrosion holes of
about 20 to 150 mmg¢ on both the concave and convex
surfaces of the web, with a nominal original plate
thickness of 10.5 mm, between L.W.L. and L.M.L.
+1 200 mm (the lower end of the concrete at the sheet
pile head). Further, out of 40 steel piles (508.0 mm in
external diameter and 7.9 mm in wall thickness and
660.0 mm in external diameter and 7.9 mm in wall
thickness) supporting the pillars of a building that over-
hangs the sea, eight had developed near-circular corro-
sion holes of about 100 to 700 mm¢ between L.W.L.
and LWL, +1200mm ({the lower end of pile head
concrete). Since 19 years had passed since construction,
the localized corrosion rate in the corrosion holes was
considered to have reached 0.55 mm/year or more for
both sides in the case of the steel sheet pile, and
0.42 mm/year or more in the case of the steel pipe pile.

From the plate thickness investigation, it was found
that, excepting the corrosion holes in the tidal zone, (1)
the steel sheet piles showed a mean residual plate
thickness of 4.0 to 6.6 mm against a nominal original
plate thickness of 10.5 mm, with a corrosion rate of 0.21
to 0.34 mm/year, and (2) the steel pipe piles showed a

20 vears

Photo 1
112

Corrosion of steel pipe piles at P-berth

Initial thickness
TY9mm

mean residual plate thickness of 4.3 to 6.0 mm against a
nominal original plate thickness of 7.9 mm, with a cor-
rosion rate of 0.1 to 0.19 mm/year.

A core sarmple was taken from the concrete at the top
of the steel sheet piles near ALP. +1 300 mm/year to
investigate the corrosion of the steel sheet pile inside
the concrete. It was clarified that virtually no corrosion
had occurred.

The corrosion holes in the steel sheet piles at P-berth
are shown in Phote 1.

4 Corrosion Protection Measures
4.1 Cathodic Pretection

Cathodic protection at present uses the aluminium
alloy anode system in all cases, and a typical installation
is shown in Photo 2. In terms of design, the life of the
anode is set at 10 years. Regarding the protective cur-
rent density at the start of cathodic protection, the
design was based on the result of a preliminary electric
current flow test at O-berth of 130 mA/m? in seawater,
30 mA/m? in the sea-bed soil and 60 mA/m® in the
rubble mud. In calcuulating the design life of the anode,
it is considered that the required corrosion-prevention
current after the design life has elapsed will have
dropped to about half the initial value. The electrode
potential for cathodic protection is set at —800 mV vs.
SCE. The consumption rate of the anode is liable to be
different from the design consumption rate due to
changes in the water quality and water depth. Thus,
electrode potential monitoring is carried out once a year
in order to confirm whether or not the potential of the
anode after its installation is being kept at a lower
potential than the electrical potential for cathodic pro-
tection. At any position where the anode potential was
higher than the electrode potential for cathodic protec-
tion and where the elapsed vears of the anode were
approaching the design life, a diver was employed to

Photo 2 Aluminum alloy anode installation
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remove deposits on the anode surface, to measure the
shape and dimensions of the anode, and to investigate
the remaining life of the anode, its consumption rate
(consumed weight/years expired) and consumption ratio
(actual consumption rate/design consumption rate).

In six areas where anodes were installed in 1979, an
anode investigation was carried out in 1988. For C- and
L-berths, the measured values for the anode consump-
tion rate nearly agreed with the design consumption
rate. However, at B- D- Q- and OA-berths, it was
found that one to four more years remained in addition
to anode design life of ten years. Conceivable reasons
for this are that (1) the unit effective quantity of elec-
tricity from the aluminium alloy anode, which had been
estimated at 2 300 A - h/kg was found to be larger than
this estimated value; (2} the protective current density
by electro-coating had dropped significantly; (3) the
water depth had become shallower than that at the ini-
tial stage of design and the surface area of the steel
structure in the seawater had decreased; (4) the water
quality had improved; and (5) there was an in-flow of
protective current from nearby structures.

It is important to confirm the consumed state of the
anode by potential measurement and anode investiga-
tion in order to estimate the renewal time for the anode
and any changes in the environment.

4.2 Effect of Combined Cathodic Protection and
Painting (Coating)

Cathodic protection, which is very effective in sea-
water, is not effective in the splash zone, and is only
effective in the tidal zone when the steel structure is
immersed in the water. Therefore, in the splash and
tidal zones, corrosion protection by painfing and coating
becomes necessary. At Chiba Works, painting with tar-
epoxy resin paint and other organic coatings has been
employed for the splash zone, and since 1986, an under-
water hardening type of resin coating has been applied
to W3-revetment, Ol-berth and SA-berth in the tidal
Zone.

When cathodic protection and painting (coating) are
used in combination in the tidal zone, the protective
current is rarely required. It has been reported that the
consumption of the anode was suppressed and the life
of the anode was extended.!” At the SA-berth revet-
ment, measurements were made of the potential and
protective current when cathodic protection and coating
were used in combination. The SA-berth revetment had
had no corrosion protection since its construction in
1973. However, an anode was fitted in July 1987, and
the underwater hardening type of resin coating was
applied in the tidal zone in December 1987.

Daily variations in the potential and the protective
current were compared before and afier coating, the
result being shown in Fig. 7. Before the coating was
applied, the potential and protective current for the steel
sheet piles changed, but after coating no changes in the
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potentiat and current were apparent. Compared with
before coating, the potential was reduced by about
110 mV, and the protective current decreased by about
1.2 A (about 57%).

Changes in the potential and current with time are
shown in Fig. 8. After the coating work in December
1987, the potential began to drop and the protective
current also decreased, thereby demonstrating the effect
of coating in the tidal zone.

When painting was carried out in the tidal zone in
this way, the potective current for cathodic protection
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decreased and longer life of the aluminium alloy anode
could be expected. It is considered that the protective
current would increases depending upon the degree of
deterioration of the coating. Conversely, it was possible
to diagnose the soundness of the coating by measuring
the potential and protective current.

4.3 Repairs to Corroded Steel Structures

Repairs were carried out on steel structures which
had deteriorated by corrosion, a summary of these
repairs being given in Table 2. Their common feature
was that they had had no corrosion protection since
their initial construction, until they were repaired.
Repair methods were of two types: one involved fitting

Table 2 Repairs made to wharves and revetments at
Chiba Works

Name | Year State of corrosion Repairing method
R berth | 1979 | - Steel pipe piles heavily | - Steel plate weld at
carroded the holes
- Some localized holes | - Aluminum alloy an-
through steel plate at | aode installed
the piles
E berth | 1984 |- Steel pipe piles heavily | - Protection by poly-
corroded ethylene coated pipes
- Remaining wal] thick- (KPF)
ness of piles were 7.5 | - Additional KPP piles
mm to 8.5 mm (initial | driven
9.0 mm)
+ Some localized holes
through steel plate at
the piles
O revet- | 1984 | - Steel pipe piles and |- Steel plate covering
ment steel plates heavily | and cement mortal in-
corroded jection
- Some holes through
steel plate at the plates
Connec- | 1987 | - Steel pipe piles heavily | - Protection by ure-
tion corroded thane resin coat_ed
bridge - Remaining wall thick- | P:PES and concrete in-
(b) ) : Jection
ness of piles were 7.6
mm (initial 12.0mm) | - Aluminum alloy an-
ade installed
Sea 1989 | - Steel pipes heavily | - Replaced by KPP piles
water corroded
entra?;:)e - Some localized holes
through stee! plate at
the piles
P berth | 1990 | - Steel pipe piles and | - Protection by ure-
sheet piles heavily | thane resin coated
corroded pipgsrand_cement mor-
+ Remaining wall thick- tal injection
ness of piles were 4.3 | - Steel plate weld at the
to 6.0mm {initial 7.9 | hole of the sheet piles
mm)
- Some localized holes
through steel plate at
the pipe piles and
sheet piles
114

reinforcing steel plates and external pipes, as to the cor-
roded parts of existing structures at R-berth, O-revet-
ment, East-West connection bridge (point b) and P-
berth, while the other involved removing the existing
structures or censtructing new structures adjacent to
the existing structures as at E-berth, and constructing
columns for jellyfish prevention nets at the East sea-
water intake (point a).

At R-berth, the interlocked steel pipe piles had devel-
oped corrosion holes, and the soil mound at the back
caved in due to the out flow of sand. Reinforcing steel
plates were welded over the corroson holes and cathodic
protection was applied.

At E-berth, the corroded steel pipe piles were
repaired by fitting a heavy-duty, anti-corrosion steel pipe
pile (KPP pile} over the corroded steel pipe pile (the
former being of a larger size than the latter), and by
grouting the gap between the two pipe piles with con-
crete,

At O-revetment, the steel-plate earth-retaining wall
developed corrosion holes, and the sand mound at the
back caved in due to the out-flow of sand. Steel plates
were bolted to the front of the existing earth-retaining
wall and cement mortar was used to fill up the gap. The
steel pipe piles for the piers of the East-West connection
bridge (point b) had developed severe corosion near
L.W.L. as shown in Fig. 5. Therefore, steel pipe halves
coated with urethane resin was fitted in the tidal zone
and joined by welding, before the annular gap was filled
with underwater concrete to secure the outer pipe.

In the repair of the columns for jellyfish prevention
nets at the East seawater intake (point a), heavy-duty
anti-corrosive steel pipe piles were placed adjacent to the
existing corroded piles, and the corroded piles were later
removed.

At P-berth, the steel sheet piles and steel pipe piles
had developed corrosion holes as mentioned in Sec. 3.2.
Reinforcing steel plates were welded to the steel sheet
piles, and the steel pipe piles were repaired by the
double-pipe method, which used an urethane resin coat-
ing, after which the underwater joining method'" was
applied.

4.4 Double-Pipe Repairs to Corroded Steel Pipe
Piles

Of the repair methods mentioned in Table 2, the
double-pipe repair procedure is next described.

4.4.1 Fuli-scale test of the double-pipe repair'?

When the steel pipe piles for the piers of the East-
West connection bridge were repaired by the double-
pipe method, a full-scale model test was carried out
prior to the site work in order to confirm the reinforc-
ing effect.

The structure types which were compared are shown
in Fig. 9. Bending tests and compression tests were con-
ducted on all four types. Type 1, whose corroded por-
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Fig. 9 Specimens for loading teste

tion had no cross section at all, was reinforced against
bending by the external pipe. With type 2, whose corro-
sion resulted in the loss of cross section like type 1,
reinforcement against bending was provided by the
outer pipe, and the axial force was handled by reinforce-
ment with ribs. With type 3, whose corroded area was
reduced to half the original thickness, bending and axial
forces were handled by external-pipe reinforcement and
the residual plate thickness together. Type 4 was a
sound pipe. For the corroded steel pipe model, steel
pipe with an external diameter of 508.0 mm and
thickness of 9.0 mm was used. For the reinforcing pipe
model, steel pipe with an external diameter of
720.0 mm and a thickness of 7.6 mm was used.

The relationship between the load and central dis-
placement of the specimen in the bending tests is
shown in Fig. 10. In the case of types 1, 2, and 3, whose
corroded areas had been reinforced, displacement from
the same load as that applied to type 4 was litile, and
the reinforcing effect on bending rigidity by the exter-
nal pipe was demonstrated.

The relationship between the load in the compression
test and the degree of head displacement is shown in
Fig. 11. All the types showed the same trend, until load
P 1ose to nearly 100 tf. Type 1, when compared with
the sound type 4 pipe, showed a P, value of about
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20%, indicating that the reinforcing effect against axial
load was small. On the other hand, type 2 with ribs,
when compared with the sound type 4 pipe, had a
larger displacement yp under the same load, and the
maximum £, value was about 85% of that for the
sound pipe, indicating the effect of axial load resistance
by the ribs. From these experimental results, it was
confirmed that repair by fitting an external pipe had a
sufficient reinforcing effect against bending, and further,
that the fitting of ribs had a reinforcing effect on axial
force.

4.4.2 Repairs to P-berth steel pipe piles

The post-repair condition of the steel pipe piles of
P-berth is shown in Photo 3. These steel pipe piles of P-
berth had, as mentioned in Sec. 3.2, a residual thickness
of 43 to 6.0 mm within the range of LW.L. to LWL.
+1200 mm, and in some locations, little thickness
existed. Therefore, it was necessary to reinforce the
piles against axial force and bending, after making a
comparative examination of various reinforcing methods
for their workability, economy, and reliability. As a
result, it was decided to adopt the double-pipe repair
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Photo 3 Repairing of steel pipe piles at P-berth

method which employs the underwater joining
method."V Steel pipe halves, which had a larger external
diameter than that of the corroded piles, were fitted
around the external circumference of the corroded steel
pipe, and the external pile joints were connected by
bolting. Expanding concrete was then filled into the gap
between the corroded pipe and external pipe to achieve
consolidation between the two pipes. The corroded steel
pipe numbered 34 with an external diameter of
508.0 mm and a thickness of 7.9 mm, and 6 with an
external diameter of 660.0 mm and a thickness of
7.9 mm, giving 40 pipes in total. The diameter of the
external pipe was set so that the gap between it and the
corroded pipe would be 10 cm or more, and the length
of the external pipe was set to that which would cover a
length of 1.0 m more than the length of the corroded
pipe. The external pipe was coated beforehand at the
plant as an anti-corrosive measure with urethane resin,
an underwater hardening type of resin being used for
the joint.

4.5 Application of Heavy-duty Anti-corrosion
Steel Pipe Piles (KPP Piles)

The KPP pile is a shot-blasted pipe which is wound
over its external surface with a 2.5-mm-thick polyethy-
lene sheet. One of the greatest features of this pipe is
that it is maintenance-free for a long time, the polyethy-
lene layer providing excellent corrosion resistance,
weather resistance and impact rresistance. Kawasaki
Steel started the full-scale manufacture and sales of this
pipe in 1984 and has many application records both
inside and outside the company.

The use of this pipe at Chiba Works is shown in
Table 3. 51t of this pipe were used for the first time
for E-berth in 1984, and 5914t of KPP piles in total
have been used during the seven years up to 1990. Par-
ticularly in the construction of the new NA-berth
(1985),'Y 450 KPP piles with a diameter of 800 to
914 mm were placed, contributing greatly to the preven-
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Table 3 Application list of KPP piles at Chiba Works

No. of

. Diameter : Weight
Name Year ($ mm) %)slgleﬁ (t6)
E berth 1984 609.6~762.0 20 51
NA berth 1985 800~914 450 5210
a 1989 318.5 31 29
OD berth 1990 60%.6~1 016 43 624
Total 5914

Photo 4 KPP pile installation for the renewal of E-
berth

tion of pile cover damage during driving, to decreasing
the weight of superstructures on the revetment, and to
accumulating KPP application techniques. The KPP pile
is extremely effective as a non-corroding steel pipe pile
when constructing a new revetment, and can also be
used for refurbishing steel structures which have dete-
riorated by corrosion, as already mentioned in Sec. 4.3.
Photo 4 shows an example of KPP pile utilization at E
berth. KPP piles were fitted over corroded steel pipe
piles near the center to refurbish the corroded pipe piles
of the pier.

The demand for KPP piles looks set to increase
because of their maintenance-free corrosion protection.

5 Conclusions

This paper has reported the corrosion condition of
harbor steel structures at Chiba Works, corrosion pro-
tection techniques, and repair methods. The results are
summarized as follows:

(1) Mean corrosion rate at non-corrosion-protection
parts of steel pipe piles, interlocked steel pipe piles
and steel sheet piles in the tidal zone at the West
Plant and Oihama Area of Chiba Works was com-
paratively high at (.1 to 0.3 mm/year. Concentrated
corrosion in the tidal zone was observed in steel
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pipe piles, interlocked steel pipe piles and steel sheet
piles at the Main Plant, the corrosion rate being
about (.3 mm/year or more,

(2) The mean corrosion rate of steel material which had
been given cathodic protection by an aoluminium
alloy ancde was 0.008 mm/year or less, thereby
confirming the beneficial effect of cathodic protec-
tion,

(3) Control of this cathodic protection by electrode
potential measurement and anode inspection is
beneficial for monitoring the anode life and protec-
tive effect. When cathodic protection and coating in
the tidal zone were used in combination, the protec-
tive current decreased and the anode life was pro-
longed.

(4) The double-pipe methed for repairing corroded steel
pipe piles proved its adequate reinforcing effect by a
full-scale test, fts workability was also satisfactory (o
reinforce its effectiveness.

{5) Heavy-duty anticorrosion steel pipe piles (KPP piles)
are maintenance-free for a long period and their
coating cost is comparatively low. This type of pipe
proved economical in the long term and a very use-
ful structural material for constructing new or refur-
bishing harbor structures.

There still remain unporotected non-corrosion-protec-
tion steel quays and revetments left and it is necessary
to promote the greater application of cathodic protec-
tion to these strucures.

Since cathodic protection is not sufficient in the tidal
zone, other countermeasures such as coating and con-
crete covering should be used in combination. Develop-
ment is required of anode replacement and surface coat-
ing methods that are more economical to apply.
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Through periodical corrosion investigations and corro-
sion-protection effect surveys, it is important to con-
stantly grasp safety against corrosion of various struc-
tures and to continue correct maintenance and control.
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