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With the wide application of prestressed anchors in high slopes, underground structures, and bridge projects, the corrosion
problems of the anchor structure during the long-term service have demanded more attention. Because of the environmental
impact and structural characteristics, anchor cable corrosion is almost inevitable. To obtain the corrosion status of the anchors
that have served over 10 years in the underground chambers of a power station, a field investigation was performed. ,e
environment aggressivity was evaluated, and the anchor corrosion was inspected during the investigation. ,e results show that
the effect of groundwater and stray current on anchor corrosion is slight. ,e main cause of the severe corrosion of the anchor
heads is the high temperature and humidity in the chamber. To better evaluate the corrosion tendency and corrosion degree of the
anchor head, a corrosion rating method was proposed based on the principles of existing investigation methods and the actual
corrosion situation of anchors observed on-site. It was proved that the rating method can effectively reflect the corrosion
characteristics and determine the areas prone to corrosion. ,is field investigation suggests that a regularly scheduled inves-
tigation is of great significance and meaning for accurately obtaining the corrosion status, assessing the failure risk, and issuing an
early warning.

1. Introduction

As an effective reinforcement method, prestressed anchors
have been widely applied in high slopes, underground
structures, and bridge projects [1–4]. ,e anchor cables in
long-term service often confront corrosion problems be-
cause of the presence of water and oxygen in the environ-
ment. [5–7].,e corrosionmay lead to the attenuation of the
anchors bearing capacity, thereby affecting the structure
safety and even causing accidents [8, 9].,e investigation on
the collapse of the Taiwan Nanfang’ao Cross-sea Bridge,
which happened on Oct. 1, 2019 and caused 6 deaths and 13
injuries [8], indicated that the severely corroded cables at the
lower end of the bridge anchors caused the cable bearing
capacity to decrease sharply and break at the end under the
vehicle load [8]. Similar accidents have also been reported in
other projects [7]. ,ese accidents have brought more

attention to the corrosion of prestressed anchor cables and
the corresponding engineering safety issues.

Although multiple anticorrosion measures were gener-
ally adopted in the design and construction of anchor
structures, cable corrosion seems to be inevitable. ,e only
difference for various structures is that the life from cor-
rosion initiation to structure failure varies because of en-
vironmental conditions and the anticorrosion means.
Corrosion is a development and accumulation process. In
this process, a periodic corrosion site investigation is a
feasible and effective method to obtain the service status of
the anchor cable in service and prevent engineering failures.

Corrosion field investigation of steel in structures usually
includes environmental investigations and the corrosion
characteristics of steel. Such investigations are relatively
common in reinforced concrete structures. ,e purpose of
an environmental investigation is to evaluate the
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corrosiveness of the environment to the steel in the concrete,
including the pH, the content of corrosive ions— SO4

2− and
Cl−—and the ionic conductivity of the concrete electrolyte.
,e measured values are then compared with the standards
[10–12] to determine whether the steels are prone to cor-
rosion [13]. ,e main method for evaluating the corrosion
status of steel bars in concrete is the half-cell potentials test.
,e details of the method and the specified value are de-
scribed in ASTM C876-09 [14] and JGJ/T152-2008 [15]. ,e
feasibility of the half-cell potential method in the durability
investigation of concrete structures has been proved effective
in numerous studies [13, 16, 17]. ,e above investigation
methods are relatively full-fledged and have been published
as specifications, however, these methods can only quali-
tatively evaluate the environmental corrosiveness and the
probability of steel corrosion in concrete.

Field investigations and studies on the corrosion of
anchor cable structures are rarely reported, and no guiding
specifications have been formed. ,ere is no consensus on
the investigation methods. Parry-Davies and Knottenbelt
conducted an investigation on the long-term performance of
prestressed anchor cables that have been in service for many
years in 8 projects in South Africa and proposed an in-
vestigation process, including specific anchor characteristics,
environment, observations, and conclusions [18]. ,e in-
vestigation emphasizes the importance of the durability of
the anchor cable, however, the description and evaluation of
the anchor cable corrosion are not detailed enough.
Weerasinghe and Anson investigated the conditions of
prestressed anchor cables in a cavern environment that had
been in service for 22 years and suggested the investigation
plan of corrosion inspection (above and below the anchor
heads), metallurgical and environmental investigation, and
load assessment program [19].Wang et al. conducted a study
on the corrosion of anchor cables served for 3 to 20 years at
four sites by exhuming or investigating [2].,e investigation
included groundwater corrosivity, temperature, humidity,
underground stray current, and anchor cable corrosion. All
of these projects include environmental investigations and
anchor cable corrosion investigations, and to a certain extent
borrowed from the experience of field investigations on
reinforced concrete structures. Because of the difference
between the anchor cable and the reinforced concrete, the
methods used in the reinforced concrete investigations
cannot be directly applied to the anchor cable structure. In
addition, although the investigations of the prestressed
anchor cables can qualitatively reveal the corrosion during
service, it is difficult to make an accurate assessment of its
impact. ,ere are no specifications and guidelines that can
be used for reference. ,erefore, more efforts are needed to
advance the development of methods and technologies in
anchor cable corrosion investigation.

In this paper, a corrosion field investigation was carried
out on prestressed anchor cables that have served over 10
years in the underground chamber of a hydropower station.
On the basis of existing technical methods, the investigation
ideas containing both environment aggressivity and cor-
rosion inspection are proposed. Specifically, the investiga-
tion includes groundwater, temperature, humidity,

underground stray current, and corrosion inspection of
anchor head. By establishing a classification method for the
corrosion status of anchor heads and analyzing the rela-
tionship between environmental corrosivity and anchor
head corrosion, the reliability and effectiveness of the field
investigation program are discussed.

2. Description of Investigation Site and Anchor
Cable Design

,e investigation site of the project is the underground main
powerhouse, main transformer room, and tailrace surge
chamber of a hydropower station. ,e length, width, and
height of the chambers are 175.0m× 27.4m× 74.45m,
134.8m× 16.5m× 46.8m, and 130.0m× 25.0m× 67.0m,
respectively. ,e surrounding rock of the underground
powerhouse is mainly composed of greenish-grey meta-
morphic sandstone and grey white metamorphic quartz
sandstone, interspersed with grey-black sandy slate. ,e
surrounding rock is generally a metamorphic sandstone and
metamorphic quartz sandstone (74%), with chiefly a me-
dium-to-thick layered structure. To improve the stability of
the surrounding rock of the chamber, a large number of
anchor cables were installed for reinforcement during the
excavation.

,e main powerhouse and the main transformer room
are completely with reinforced concrete after excavation,
and the anchor cables installed cannot be observed.,us, the
field investigation was mainly conducted in the tailrace surge
chamber (Figure 1). 602 prestressed anchor cables were used
to reinforce the surrounding rocks of the chamber.
Unbonded anchor cables were adopted, and their structure
is shown in Figure 2. ,e designed locked force of the
anchors is 1000 kN, 1500 kN, and 2000 kN, with 7 steel
strands, 10 steel strands, and 14 steel strands for each. ,e
steel strand is 1x7-15.2-1860 [20].

According to the design, the length of the anchor cable is
20m to 30m. ,e anchor head is composed of three bearing
plates and an anchor plate (Figure 3). After the anchor cable
was tensioned and locked, a layer of mortar was poured on
the surface of the anchor head to resist corrosion (Figure 3).
,e thickness of the mortar cover layer shall be at least 10 cm
as required.

Different from the design, the anchor head is equipped
with a steel protective cap (Figure 4), which serves as an
additional protective layer between the anchor head and the
mortar layer.

After excavation of the tailwater surge chamber, the wall
was lined with 100 to 200 cm thick reinforced concrete. ,e
lining area includes the downstream sidewall, the left and the
right end wall below the elevation of 1,264.00, and the
upstream sidewall below the elevation of 1,267.00 (Figure 5).
,erefore, the anchor heads located in the lining area are
enclosed in the lining and cannot be observed on-site. Only
154 anchor heads that can be observed were investigated in
detail, including 28 anchor heads on the upstream side wall,
28 on the downstream side wall, 8 on the left end-wall, 10 on
the right end-wall, and 81 on the arch crown.
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3. Environment Aggressivity Investigation

3.1. Groundwater. Steel corrosion in underground engi-
neering is related to the soluble salt content and pH in the
groundwater. During the investigation, it was found that
there was a groundwater seepage in the upstream sidewall of

the tailwater surge chamber. ,e groundwater was sampled
at the seepage point to analyze its corrosivity. ,e
groundwater samples were carried out on the 1st floor and
the 2nd floor drainage galleries near the tailrace surge
chamber for comparison (Figure 6).

Based on the groundwater test results and specifications
GB 50287-2016 [21] and GB 50487-2008 [11], the descrip-
tion of groundwater aggressivity in the tailrace surge
chamber is descripted as shown in Table 1. ,e test results
show that the groundwater is almost noncorrosive.

,e test results of groundwater samples from drainage
galleries near the tailrace surge chamber are shown in
Table 2.

,e water quality monitoring results of the groundwater
samples from the underground main powerhouse near the
tailrace surge chamber are shown in Table 3.

,e groundwater in the tailrace surge chamber, drainage
galleries and main powerhouse are slightly corrosive, which
means the groundwater is not likely to cause serious cor-
rosion of the anchor cable.

3.2. Humidity and Temperature. Metals are prone to cor-
rosion in humid environments and the corrosion rate is
directly related to temperature and humidity [22].,erefore,
the temperature and humidity in the environment are also
important indicators for judging the corrosiveness of the
environment. In the tailrace surge chamber, the temperature
and humidity were measured at 4 chosen locations along the
chamber axis. ,e Smart Sensor’s Humidity & Temperature

Grout Inlet Tube
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OVM

Anchorage

Relfux Tube

Spacer Centralizer Guide CapSteel Band

Anchor Head Free Tendon Length Fixed Anchor Length

Figure 2: Design drawing of the anchor cable.
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Figure 3: Design drawing of the anchor head.

Figure 1: ,e field investigation in the tailrace surge chamber.
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Meter (AS847) is used for testing (Figure 7). ,e results are
shown in Table 4.

As shown in Table 3, the humidity in the tailrace surge
chamber is 87% to 89%, and the temperature is 24°C to 25°C.
In the atmosphere, the corrosion rate of metals generally
increases with increasing humidity. For many metals, there
is a critical humidity for corrosion, while the critical hu-
midity for steel is around 65% [22]. ,e highest relative
humidity of the tailrace surge chamber is about 25% higher
than the critical humidity, indicating that the relative hu-
midity in the chamber has a great influence on corrosion.
,us, the tailrace surge chamber can be considered a severely
corrosive environment.

3.3. Underground Stray Current. Stray current, which exists
widely in rock and soil mass media, is another influencing
factor of anchor corrosion. ,e action mechanism of the
stray current is mainly based on the electrolysis of elec-
trochemical corrosion [2]. High-tensile steel used in tendons
is more sensitive to stray current corrosion than normal
steel, and certain precautions are necessary in these struc-
tures where this type of corrosion may take place [23].
Because of the complexity of the anchor cable structure, it is
difficult to accurately measure the potential. To determine
whether there is a stray current in the surrounding rock of
the tailrace surge chamber, the potential of the bolt installed
in the rock was measured. ,e stray current test was con-
ducted with a copper sulfate electrode, voltmeter, and wires
(Figure 8). ,e stray current measurement results are shown
in Figure 9.

As described in GB/T 21447-2018 [24], while the copper/
copper sulfate electrode (CSE) is used as the reference
electrode, the metal is in a fully protected state when the
potential is less than -850mV.When the potential is between
−850mV and −650mV, the metal is in a protected state.
When the potential is between −650mV and −400mV, the

metal is in a natural corrosion state. When the measured
potential is greater than −400mV, there is stray current
corrosion in the metal. As shown in Figure 7, Bolt7 and Bolt
10 have high potentials, however, they are still in the natural
corrosion potential region. In general, half of the bolt po-
tential is in the protected range, indicating that there should

The Arch Crown

Access
Tunnel

Th
e D

ow
ns

tre
am

 S
id

e W
al

l

Th
e U

ps
tre

am
 S

id
e W

al
l

1267.00

1264.00

1258.00

1250.00

Concrete Wall (200 mm)

Concrete Wall (100 mm)

Figure 5: Cross-section of the tailrace surge chamber layout.

Figure 6: Groundwater samples from the tailrace surge chamber
and adjacent drainage galleries.

Table 1: Groundwater aggressivity in the tailrace surge chamber.

Item Test value Standard
value Description

HCO3
− 2.07mmol/L ＞1.07mmol/

L No dissolution corrosion

pH 8.35 ＞6.5 No general acidic
corrosion

Mg2+ 14.2829mg/
L ＜1000mg/L No magnesium sulfate

corrosion

SO4
2− 21.945mg/L ＜250mg/L No magnesium sulfate

corrosion
Cl− 2.462mg/L ＜100mg/L Slight corrosion

Figure 4: Protective cap on the anchorage top of the anchor head.
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be no stray current in the rock near the tailrace surge
chamber. In conclusion, the influence of the stray current on
the anchor cable corrosion can be ignored in the chamber.

4. Corrosion Inspection

Both the free length and fixed length of the anchor cable are
located in the rock mass, and only the anchor head may be

observed. Hence, the corrosion inspection is carried out
around the anchor head. According to the design require-
ments, mortar should be poured for sealing after the anchor
head was installed (Figure 3). However, it was found in the
field investigation that only some anchor heads are covered
by mortar, while most anchor heads are exposed to the air
partially or totally. Exposure may be caused by the cracking
of the mortar layer arising from construction quality or the

Table 3: Groundwater aggressivity in the underground main powerhouse.

Item Time (year) Test value Standard value Description

HCO3
− 2018 2.61mmol/L ＞1.07mmol/L No dissolution corrosion2019 2.59mmol/L

pH 2018 8.25 ＞6.5 No general acidic corrosion2019 8.28

Mg2+ 2018 25.34mg/L ＜1000mg/L No magnesium sulfate corrosion2019 50.60mg/L

SO4
2− 2018 61.0mg/L ＜250mg/L No magnesium sulfate corrosion2019 49.4mg/L

Cl− 2018 22.48mg/L ＜100mg/L Slight corrosion2019 18.80mg/L

(a) (b)

Figure 7: ,e Temperature and Humidity Measurement in the Tailrace Surge Chamber. (a) Humidity & temperature meter. (b) Field
measurement.

Table 2: Groundwater aggressivity in the drainage galleries near the tailrace surge chamber.

Item
1st floor gallery 2nd floor gallery

Sample 1 Sample 2 Sample 1 Sample 2
pH 7.41 7.75 7.86 7.99
HCO3

− (mmol/L) 2.10 2.13 2.85 2.95
Mg2+ (mg/L) 3.930 3.315 8.915 10.890
SO4

2− (mg/L) 66.510 59.858 77.888 88.131
Cl− (mg/L) 14.679 9.986 14.724 17.628

Table 4: Humidity & temperature in the tailrace surge chamber.

Test site Humidity (%) Temperature (°C)
1 87.2 24.7
2 87.8 24.1
3 88.3 24.1
4 87.8 25.0

Advances in Materials Science and Engineering 5



deformation of rocks. ,e anchor heads exposed to the
corrosive environment formed different levels of rust and
even severe rust in the local area (Figure 10).

To fully acquire the corrosion status of the anchor cable in
the tailrace surge chamber, a set of new inspection procedure
and evaluation system were proposed as described below.

4.1. Numbering and Investigation of Anchor Cables. ,e
layout of anchor cables in the tailrace surge chamber was
redrawn. ,e visible anchor heads were numbered to fa-
cilitate further record and description. ,e distribution of
anchor cables on the left-end wall and the right-end wall is
shown in Figure 11.

Copper Sulphate Electrode Voltmeter Conducting Wires

(a) (b)

Figure 8: ,e stray current measurement. (a) ,e stray current measure device. (b) Field test.
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4.2. Corrosion Description. Based on the above works, the
anchor heads were visually inspected and photographed, and
the exposure and corrosion status of anchor heads were
recorded. Details are shown in Table 5.,e dry environment in
the table means that there is no observed water seepage or
surface wetness.

4.3. Development of Guideline for Corrosion Inspection.
,e position and corrosion information of anchor heads were
recorded in the field investigation. According to the field in-
vestigation results, most visible anchor heads in the tailrace
surge chamber are partially or totally exposed, and they are
rusted to different extents. Corrosion will affect the anchoring
force of the cables. Accurately evaluating the corrosion degree
of the anchor cable helps to assess its working performance.
,erefore, it is of great practical significance that the working
condition of anchor heads is rated from a corrosion per-
spective. Standard charts and specifications for qualitative
rating are the ways that can be used for visual inspection and
rating of metal corrosion currently.

4.3.1. Standard Charts for Corrosion Examination. To ac-
curately evaluate the corrosion degree of metal, scholars have
put a lot of efforts [25, 26]. For example, Champion established
the standard charts for metal corrosion evaluation in which the
corrosion is classified into 7 degrees according to the density of
rust spots, the rust area, and depth [25]. Similarly, the standard
charts are used in ASTMG46 [26] to rate the corrosion degree
of pitting with five grades in three aspects, including density,
dimension, and depth, and the corresponding quantitative
criteria are offered.

4.3.2. Specification for Qualitative Rating of the Corrosion
Degree. Most specifications for rating the corrosion degree
are qualitative. ,e methods in the specifications have been

widely applied and rapidly developed because of the prac-
ticability and specific objects. Taking corrosion evaluation of
bridge cable as an example, this qualitative evaluation
method is elaborated.

,e major means of evaluation on bridge cables are
visual inspection. Hopwood & Havens illustrated the im-
portance of classification for steel wire corrosion and
founded the corresponding rating standard [27]. With this
standard, the corrosion degree of steel wire is classified into
four types from the perspective of the consumption of the
galvanized coating layer on the surface of steel wire (Table 6).
Since this standard is relatively representative and used
widely, Camo adopted it in his research [28].

West et al. [29] developed the corresponding rating and
marking standards of prestressed steel wire, low carbon
rebar, and tubes, respectively, in the research on corrosion
resistance of bonded rebar in precast construction, which
provided a standard for guiding evaluation on the corrosion
degree.

Combining with the cable inspection experience of
Chongqing Shimen Bridge, Xu [30] established a new set of
corrosion degree rating standards for steel wire based on the
works of Hopwood & Havens [27] and West et al. [29]. ,is
standard not only describes the corrosion degree of steel wire
qualitatively but also establishes the corresponding mini-
mum diameter of steel wire that can be used for calculating
mechanical properties. Xu et al. [31] adopted this method on
evaluating the corrosion condition of the dismantled cables
in the reinforcement project of Yinpenling Bridge over the
Xiangjiang River.

4.3.3. Limitations of Existing Rating Standards of Corrosion
Degree Evaluation. Among existing rating methods of
corrosion degree, the standard charts and the rating spec-
ifications have their own advantages. ,e standard chart
quantifies the corrosion degree of metal with specified terms.
Hence, it is more universal for different types of metal.
However, this method is mainly for the laboratory. In a
practical investigation, such scrutiny would result in a huge
amount of work that is almost impossible to complete. On
the contrary, the qualitative rating specification is more
flexible in practical applications with high efficiency.,us, to
establish the method for the corrosion rating of anchor
heads based on the above-mentioned standards, the accu-
racy and the feasibility should be taken into consideration.
According to the field investigation results, exposure and
corrosion degree of the anchor head should be considered
for the corrosion rating of anchor heads.

4.4. Rating of Exposure of the Anchor Head. Corrosion fac-
tors, such as water, oxygen, and temperature, in the field are
the essential elements that lead to the corrosion of the
anchor head, while the exposure of the anchor head will
speed up corrosion. ,e anticorrosion design is basically
considered to be based on the isolation between the metal
structure and the corrosive environment. Both the rating
standards of Hopwood & Havens [27] and Xu [30] took into
consideration the galvanized layer on the surface of the steel

Figure 10: Severely rusted anchor head in the tailrace surge
chamber.
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Figure 11: Distribution and numbers of anchor cables on the left-end wall and the right-end wall of the tailrace surge chamber. (a) Left-end
wall. (b) Right-end wall.

Table 5: Investigation record of anchor heads on left-end wall of the tailrace surge chamber.

No. Position (left-end
wall) Environment Description of rust corrosion

WZ-
1-1

Elevation 1272.00X
0 + 123.5 Dry ,e protective cap is exposed and free from damage, and it has obvious rust marks,

however, the rest of the parts are covered well
WZ-
1-2

Elevation 1272.00X
0 + 128.0 Dry ,e protective cap is exposed partially and free from damage, and it has obvious rust marks,

however, the rest of the parts are covered well
WZ-
1-3

Elevation 1272.00X
0 + 132.5 Dry ,e mortar layer is basically integral and has cracks, however, the anchor head structure is

not exposed
WZ-
2-1

Elevation 1267.50X
0 + 123.5 Dry ,ere is no protective cap, the ends of the small pat and the cable body are exposed locally,

the exposed part is obviously rusted, and the rest of the parts are covered by mortar well
WZ-
2-2

Elevation 1267.50X
0 + 128.0 Dry Integral mortar layer

WZ-
2-3

Elevation 1267.50X
0 + 132.5 Dry ,e mortar layer is basically integral and has cracks, however, the anchor head structure is

not exposed
WZ-
3-1

Elevation 1265.30X
0 + 125.9 Dry ,e whole anchor head is exposed, and there is mortar between cable bodies. ,e pad and

exposed cable body have obvious rust marks
WZ-
3-2

Elevation 1265.30X
0 + 130.4 Dry ,e whole anchor head is exposed, the pad has obvious rust marks, and the mortar layer at

the ends of the cable body is integrate
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wire since the galvanized layer is used to prevent corrosion
caused by a reaction between the steel wire and the envi-
ronment. When the galvanized layer ages and peels off, the
steel wire begins to corrode and the corrosion will be severer.
,e whole process is as follows: aging and peeling off of the
galvanized layer, beginning of corrosion of the steel wire,
severe rust, the crack of the steel wire, and the failure of the
cable. ,e corrosion of the galvanized layer is directly
classified into the corrosion of the steel wire in their rating
standards.

Different from the galvanized steel wire, the anchor head
is relatively complex, which is usually composed of the
bearing plate, anchorage plate, steel protective cap, and
cover layer—normally mortar or concrete. For the anchor
head, the cover layer plays the same role as the galvanized
layer. Different from the galvanized steel wire, the anchor
head structure is much more complex. ,e bearing plate,
anchorage plate, and the protective cap beneath the cover
layer have different functions. Hence, the impacts of cor-
rosion on the safety of anchors are different.,e rust process
of anchor heads because of the damage of the cover layer has
three possibilities that can be summarized as follows: 1)
damage to the cover layer, the rust of the protective cap, the
rust of the anchorage plate, and the failure of the anchorage
plate, 2) damage to the cover layer, the rust of the anchorage
plate, and the failure of the anchor head, 3) the rust of the
cover layer, the rust of the bearing plate, and the failure of
the anchor head.,us, during the rating of the anchor heads,
the exposure situation of the structure shall be rated
according to the breakage condition of the cover layer.

,e components of the anchor head can be classified into
the load-bearing structure and corrosion resistance struc-
ture. ,e load-bearing structure includes the bearing plate
and anchorage plate, and the corrosion resistance structure
includes a mortar and steel protective cap.

,us, according to the functions and exposure condi-
tions of the above-mentioned components, exposure can be
classified into four ratings: A, B, C, and D. ,e details about
the ratings are described in Table 7.

According to the above exposure ratings of the anchor head
structure, when the grade is A, it indicates that the protective
structures work well. When the grade is B, it indicates that the
cover layer is broken and the steel protective cap is exposed.
When the grade is C, it indicates that the protective structures
of the anchor head are broken, and one of the bearing
structures is exposed. When the grade is D, it indicates that the
protective structures of the anchor head fail, and both the
anchorage plate and bearing plate are exposed.

4.5. Rating of the Corrosion Degree of Anchor Heads. ,e
corrosion degree ratings of the steel strands of the suspended
bridges cannot be directly used for evaluating the corrosion
degree of anchor heads. It is almost impossible to perform
detailed and accurate statistics of the quantity of rust spots
and rust depth on anchor heads in field with the standard
chart method. Anchor heads in service are not demountable,
and rust cleaning for statistics may lead to structural
damage. ,us, the rating of the corrosion degree of anchor
heads is developed based on the principles of the above-
mentioned methods established by Champion [25], Hop-
wood & Havens [27], West et al. [29], and Xu [30]. ,e
developed five ratings are described in Table 8.

According to the above anchor head corrosion ratings,
when the corrosion grade of the anchor head is level 0, it
indicates that the protective structures are integral and ef-
fective, and the structure is considered to be in a good
condition without rust. When the corrosion grade of the
anchor head is level 1, it indicates that the corrosion degree
of the structure is slight. Corrosion only occurs on the local
surface. When the corrosion grade is level 2, it indicates that
the corrosion degree of the structure is moderate, and
corrosion has completely developed. When the corrosion
grade is level 3, it indicates that the corrosion degree of the
structure is severe, and the corrosion has developed deep
into the structure. When the corrosion grade is level 4, it
indicates that the corrosion degree of the structure is ex-
tremely severe, the anchor head components may lose their
functions.

4.6. Application of the Rating Method. Based on photos and
visual inspection records of the site, the exposure ratings
(Table 9), corrosion degree ratings (Table 10), and the
combined ratings (Table 11, Figure 12) of 154 anchor heads
were carried out using the proposed rating methods stated in
Tables 6 and 7.

As shown in Table 8, among 154 anchor heads in this
survey, the anchor heads rated for A are only 11.69%, and the
anchor heads rated for B are 70.13%, which is the most.

Table 6: Evaluation and rating system for corrosion on wire (Hopwood & Havens, 1984 [27]).

Rating Rating standard
Stage 1 Wire surfaces have a shiny metallic appearance, though some signs of white zinc corrosion product may be visible in spots.

Stage 2 Wire surfaces dull as zinc corrodes. ,e wires eventually are covered with white corrosion product. However, there is no ferrous
corrosion under the white corrosion product.

Stage 3 ,e signs of ferrous rust are visible on wire surfaces. Zinc coating is almost completely consumed. Random wire cracking is
possible in this stage.

Stage 4 Ferrous rust stains or displaces most of the white corrosion product on wires. Wire surfaces become very rough and pitted. Wire
cracking is anticipated at this stage of deterioration

Table 7: Description of exposure ratings of the anchor head
structure.

Rating Rating standard
A Integrated cover layer
B Exposed protective cap
C Either anchorage plate or bearing plate is exposed
D Both anchorage plate and bearing plate are exposed
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,ere are 15.58% of the anchor heads that have one load-
bearing structure exposed and 4.55% that have two load-
bearing structures exposed. ,e above rating results indicate
that only about 10% of the visible anchor heads in the
tailrace surge chamber can meet the design requirement.

According to Table 10, half of the anchor head structures
have been obviously rusted (Level 2). Nearly 1/4 of the
anchor heads have been severely rusted (Level 4).

Table 11 shows the combined ratings of anchor heads
in the tailrace surge chamber. It reveals that all the ex-
posed anchor heads have different extents of rust. Fig-
ure 12 displays the anchor heads with different combined
ratings.

To further discuss the spatial distribution of the cor-
rosion degree of the anchor heads, the corrosion ratings of 0
to 4 are depicted with different colors on the anchor cable

Table 10: Corrosion ratings of anchor head structure.

Position Quantity (pcs.)
Corrosion degree rating

0 1 2 3 4
Upstream sidewall 27 5 1 11 0 10
Downstream sidewall 28 5 2 12 0 9
Left-end wall 8 3 0 5 0 0
Right-end wall 10 2 1 4 1 2
Arch crown 81 3 0 46 16 16
Total 154 18 4 78 17 37
Percent 100.00% 11.69% 2.60% 50.65% 11.04% 24.03%

Table 11: Combined ratings of anchor heads structure.

Combined rating
Position

Total Percent (%)
Upstream end wall Downstream end wall Left-end wall Right-end wall Arch crown

A0 5 5 3 2 3 18 11.69
B1 0 0 0 0 0 0 0.00
B2 10 5 2 4 41 62 40.26
B3 0 0 0 0 16 16 10.39
B4 4 7 0 0 16 27 17.53
C1 1 0 0 1 0 2 1.30
C2 1 6 2 0 5 14 9.09
C3 0 0 0 1 0 1 0.65
C4 5 1 0 1 0 7 4.55
D1 0 2 0 0 0 2 1.30
D2 0 1 1 0 0 2 1.30
D3 0 0 0 0 0 0 0.00
D4 1 1 0 1 0 3 1.95

Table 8: Description of corrosion ratings of the anchor head structures.

Rating Rating standard
0 No rust or cannot find rust
1 Slight rust, local rust spots on the surface
2 Obvious rust, rust spots on the whole surface
3 Severe rust, with uneven surface because of rust
4 Severe rust, with layered or peeling rust products

Table 9: Exposure ratings of the anchor head structure.

Position Quantity (pcs.)
Structure exposure ratings

A B C D
Upstream sidewall 27 5 14 7 1
Downstream sidewall 28 5 12 7 4
Left-end wall 8 3 2 2 1
Right-end wall 10 2 4 3 0
Arch crown 81 3 73 5 0
Total 154 18 105 24 7
Percent 100.00% 11.69% 70.13% 15.58% 4.55%
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layout drawing. Figure 13 shows the distribution of the
corrosion degree of anchor heads on the upstream sidewall
of tailrace surge chamber.

As shown in Figure 13, severely rusted anchor heads
on the upstream sidewall are located between anchor
WS-1-19 and anchor WS-1-24 with the elevation
1268.50 m, and the pile number from Y 0 + 049.5 to Y
0 + 027.0. ,is corrosion degree is consistent with the
geology conditions of the site that there is an F2 fault in
this area (Pile No. Y 0 + 033.1) according to the geological

investigation report. ,e monitoring data also show a
large deformation of the surrounding rock near the fault.
,e cover layer of nearby anchor heads was destructed
gradually by the deformed surrounding rock in this area,
resulting in the exposure of the anchor head components.
,e high humidity caused by the groundwater seepage
through the fault sped up the corrosion of the anchor
head. It also proved that the condition rating method of
the anchor head established in this study was reasonable
and reliable.

B2 B3

B4 C1 C2

C3 C4 D1

D2 D3

A0

Figure 12: Anchor heads with different combined ratings.
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5. Discussion and Conclusion

5.1. Correlation between Environment Aggressivity and
Corrosion. ,e site inspection of the anchor cable in the
tailrace surge chamber revealed that some metal parts of the
anchors were exposed and corroded to varying degrees.
According to the investigation results of environmental
corrosivity, the groundwater in the chamber is slightly
corrosive, and the influence of stray current in the rock mass
can also be ignored.

Corrosion of the exposed anchor head is atmospheric
corrosion. In the atmospheric corrosion of metals, humidity
and temperature have a great influence. Humidity may cause
a water film to form on metal surfaces and promote cor-
rosion. As the humidity increases, the thickness of the water
film will change significantly. For a smooth steel surface,
when the relative humidity is 55%, the thickness of the water
film is about 15 molecular layers. When the relative hu-
midity is near 100%, the thickness of the water film will
increase up to 90 to 100 molecular layers [22]. ,e critical
humidity of steel is 65%, and the corresponding water film
thickness is 20 to 30 molecular layers. Above this humidity,
the corrosion rate increases rapidly. ,e humidity of the
tailrace surge chamber is about 88%, and the thickness of the
water film on the steel surface is 50 to 60 molecular layers,
which is about twice the critical humidity. ,erefore, hu-
midity will accelerate the corrosion of the steel obviously.
For the anchor head near the water seepage point, the
humidity is higher, and the corresponding corrosion will be
more serious.

In addition, the oxygen absorption corrosion of the
anchor head is an electrochemical reaction process, and the
increase in temperature will accelerate the reaction process,
thereby accelerating the corrosion. As shown in Figure 14,
the study conducted by Suzumura and Nakamura suggested
that the corrosion rate of steel strands has a strong

relationship with temperature [32]. As shown in the figure,
for the average temperature of the external environment of
16°C, the relative corrosion rate is 1. However, the tem-
perature detected in the chamber is close to 25°C, and the
corrosion rate of the anchor head is increased by 2.5 times
compared to the external environment.

Based on the thermodynamic and kinetic theory, the
oxygen corrosion of iron is a process of increasing entropy,
which can occur in the presence of water and oxygen. ,e
rate of oxygen corrosion is closely related to the concen-
tration of reactants and temperature. ,e reactants con-
centration is mainly the content of water and oxygen. In a
high humidity environment, a water film may form on the
metal surface, providing electrolyte and water for the cor-
rosion process. At the same time, the thickness of the water
film formed on the steel surface is limited, and oxygen in the
air can easily reach the steel surface through the water film
and accelerate corrosion. In addition, the higher tempera-
ture will increase the corrosion rate constant of the chemical
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reaction. ,erefore, the temperature and humidity in the
environment have great effects on the corrosion of steel
anchor heads.

For reinforced concrete and anchor cable structures, the
current evaluation of environmental erosivity is less focused
on temperature and humidity. For the anchor cable struc-
ture, because of the rock deformation, construction defects
and atmospheric corrosion may occur in the anchor head
and the free section near the anchor head. It is, therefore,
necessary to include temperature and humidity in the
corrosion investigation of the environment. In this inves-
tigation, the underground chamber environment is a slightly
corrosive environment, while from the perspective of
temperature and humidity, it is a severely corrosive envi-
ronment. It also explains the serious corrosion of the anchor
heads in the chamber.

5.2. Functions of the Rating Methods. ,rough the estab-
lishment of the rating method, the corrosion degree of
anchor heads in the practical projects is clearly classified,
which facilitates the implementation of reasonable treat-
ments for different ratings of anchor heads. In this respect,
engineering safety problems caused by the damage of anchor
heads can be avoided, and their service life can be prolonged
at a reasonable cost. For example, the exposure ratings of
anchor head structures indicate that only 11.69% of the
anchor heads are wrapped by an integral mortar cover layer,
and the remaining anchor heads have different degrees of
exposure. ,erefore, it is suggested that remedial mortar or
concrete pouring should be applied to existing exposed
anchor heads to form an integral protective layer.

Corrosion degree ratings of the anchor head structure
indicate that 50.65% of the anchor heads suffer obvious
corrosion, and 24.03% of the anchor heads suffer severe
corrosion. Severely rusted anchor heads should be marked,
and the progress of the corrosion shall be investigated in
routine inspection. According to the investigation results,
6.49% anchor heads suffer the exposure of the load bearing
structure and severe corrosion (C4 andD4), which should be
brought to the forefront and considered to be replaced or
substituted.

With the anchor head corrosion rating method estab-
lished in this study, the mechanical properties of anchor
heads under each rating cannot be examined yet. Evaluation
of the mechanical properties is equally significant for the
maintenance of anchors. ,is work can be conducted by
indoor experiments in the future to improve the utility of the
rating method.

5.3. Conclusions. ,is paper investigated the corrosion of
anchor cables that served for 10 years in an underground
chamber of a hydropower station. ,e purpose of the in-
vestigation is to acquire the corrosion characteristics of
anchor cables in the underground environment and to
discuss the existing field investigation methods and their
effectiveness. A new corrosion rating method for anchor
cables is proposed. ,e conclusions are as follows:

(1) ,e influence of groundwater and stray current on
corrosion is slight in the underground chamber
environment.

(2) ,e temperature and humidity in the chamber en-
vironment are relatively high, which has strong
corrosive effects.

(3) Most of the visible prestressed anchors in the
chamber are partially exposed. ,e exposed anchor
heads are corroded to varying degrees, and some of
them are seriously corroded.

(4) ,e corrosion of the anchor head is highly related to
the temperature and humidity in the environment.

(5) ,e proposed corrosion rating method of anchor
heads can effectively reflect the corrosion charac-
teristics and determine the areas prone to corrosion.

(6) ,e field investigation of corrosion can accurately
obtain the corrosion status of anchor cables, discover
the failure risk, and put forward an early warning.
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