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Maintenance and monitoring of anchorages: case studies
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Three field case histories of permanent anchorage

corrosion are reported, where the conditions of the

ground or groundwater and anchorage components are

quantified. Each case is discussed in detail to illustrate

the nature of the problem encountered, how it was

investigated and the lessons learned. When corrosion is

discovered and the environmental conditions are

established, the paper illustrates the value of detailed

metallurgical examination and testing to investigate the

nature, intensity and extent of the corrosion, in order to

determine the risk of failure and the most appropriate

remedial measures. These range from replacement or

downgrading service loads to re-establishment of a

corrosion-free environment and corrosion protection to

maintain the original design intent.

1. INTRODUCTION

A recent publication1 highlighted the fact that maintenance

testing and service behaviour monitoring of permanent ground

anchorages will become increasingly important issues in

assessing the fitness for purpose of anchored structures. This is

particularly important for anchorages installed over 30 years

ago, which may have been designed with corrosion protection

considered inadequate by today’s standards. In addition, rising

sea levels and the increased risk of flooding, accentuated by

climate change, place an even greater demand on existing

anchored structures such as quays, river walls and slopes.

Where circumstances dictate, detailed investigative study may

be required in order to identify the nature of a failure or to

assess existing condition. The purpose of this paper is to

present three case histories that provide an insight into how

existing technology and knowledge have been used in the

detailed investigation of ground anchorages in service, with

particular reference to assessment of corrosion.

2. GRUNDFORS HYDROPOWER STATION, SWEDEN

A total of 118 prestressed rock anchorages comprising

prestressing bars 12–17 m long and 26 mm in diameter were

installed at 1 m centres and post-tensioned to 300 kN in 1955

to support overhead travelling crane beams and reinforce the

abutments of the arch roof for a machine hall that was 15 m

wide and 60 m long (Fig. 1).

In 1981 one of the 26-year old bars failed unexpectedly, and a

2.5 m length of bar flew with great force through a light fitting

and landed some 8 m away on the floor. On inspection of this

length, it was found that cement grout encasement was

generally deficient, and the entire length was superficially

corroded and bent 24 mm out of true.2

Rust-coloured water was also observed leaking from at least 10

other anchorages in the machine hall, a fact that had been

reported in the late 1950s, although no action appears to have

been taken as a result. Examination of the construction records

established that the bars were bent when delivered to site, and

subsequently straightened during post-tensioning. This attempt

at straightening does not reflect prudent practice, albeit that

the bar would exhibit stable behaviour where the steel had

suffered strain-hardening and would not yield. In such

circumstances high local stresses still remain at the locations of

the bends where the bars would be most vulnerable in a

corrosive environment.

Non-destructive boltmeter testing (where elastic compression

and flexural waves are transmitted along the bar and the

reflections are measured) was carried out on the lower head of

96 bars. Ten per cent of the tests gave very large echoes, and

49% one or more minor echoes. Given this information, it was

concluded that more than half the bars were unsatisfactorily

grouted or damaged in some respect. The upper heads of 56

bars were then exposed, and although coated originally with

Overhead travelling
crane beam

Anchorage

Bar failure

Prestressing bars at
1 m centres

Original stressing force
300 kN

Fig. 1. Section through machine hall at Grundfors hydropower
station;2 reproduced with permission (not to scale)
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bitumen, there was hardly a trace left. Boltmeter readings were

again taken and, wherever possible, probe wires were inserted

through slits in the anchor nuts. These tests confirmed the

earlier picture of the virtual non-existence of grout and often

the presence of rusty water, although when this water was

tested for chloride and sulphur contents it was not found to be

specially aggressive (pH ¼ 7–8).

One bar, 17 m long, was completely removed, and aside from

the virtual absence of any trace of grout, the bar was covered

by a moist superficial rust that had attacked the bar uniformly,

leaving a close pattern of pitting. Overall, the reduction in

cross-sectional area was found to be 6.8%. When this bar was

tensile-tested to failure, superficial corrosion cracks up to

1.3 mm deep were observed.

Based on close examination of the fracture face and adjacent

area of the broken bar, it was concluded that failure was

triggered by a 5 mm deep crack originating from the bottom of

a corrosion pit 0.8 mm deep (Fig. 2). The primary crack showed

clear signs of corrosion attack. Several minor superficial cracks

of an intergranular nature were found parallel to the main

crack, implying that the primary crack occurred as a result of

stress corrosion. Metallurgical investigations of the bar showed

that its ductility at failure was low (possibly due to strain

hardening), and that cracks deeper than a few millimetres

created a serious risk of brittle failure.

The overall conclusions were that

(a) the anti-corrosion protection of the bars was deficient and

unsatisfactory

(b) the prestressing bar material was sensitive to cracking

(c) the primary cause of failure was probably intergranular

stress corrosion

(d ) the factor of safety against repeated brittle failures was

judged to be low.

On the basis of these results, and the potential serious

consequences of a further bar failure, it was decided to carry

out extensive strengthening measures, comprising the

installation of 232 deformed reinforcing steel bars through the

crane beam and at least 4 m into solid rock (Fig. 3). Each bolt

was grouted carefully with cement mortar. To prevent ejection

of the existing prestressing bars in the event of any new

failures, the original bars were detensioned and allowed to

remain in position, in order to act as auxiliary reinforcing bars.

It is fortunate that dynamic failure of a single bar caused no

injury and only limited damage. Routine annual maintenance

inspections, including reports recording the engineering

investigation and assessment of the rust-coloured water

seeping out from the anchor heads, could have highlighted the

initial corrosion and absence of cement grout encapsulation of

the bars, thereby permitting more economical remedial

measures within a few years of completion.

3. FIRST RING ROAD, KUWAIT CITY

On this project, anchorages were installed in dense partly

cemented sands to resist hydrostatic uplift of a major roadway

constructed below groundwater level. However, construction

was interrupted by the invasion of Kuwait in 1990, resulting in

work being halted for a period of around five years. During

this time partially installed multi-strand anchorages (i.e.

unprotected tendons immediately beneath unprotected anchor

heads) were subjected over a period of 18 months to several

metres of groundwater inundation, when the dewatering

system was out of action.

The groundwater contained high levels of chlorides (up to

10 500 mg/l), nitrates and sulphates. Descriptions have been

made3 of the metallurgical measurements and tests carried out

on anchorages considered to be in a high risk category due to

corrosion, that is,

(a) installed but not proof-tested

(b) installed, proof-tested but not locked off

Fig. 2. Magnified view of fractured face illustrating small depth
of initial crack leading to brittle failure of bar;2 reproduced
with permission

2 116 rock bolts at
1 m centres

�

Fig. 3. Section through machine hall showing locations of new
rock bolts;2 reproduced with permission (not to scale)
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(c) locked off but protection of anchor head not complete.

The purpose of the tests was to study the degree and

significance of tendon corrosion in the field, as visual

appearance alone suggested that the level of corrosion was

unacceptable (Fig. 4). Several options were considered: remove

and replace; cut and couple; clean and retain; and accept with

no remedial works.

Following careful exhumation of six anchorages by overcoring

with fresh water flushing, corrosion was found on the exposed

sheathed and greased strands, but it was confined to a depth of

1.5 m measured from the top of the polyethylene sheath

surrounding each standard 15.2 mm diameter strand. Although

each strand was greased and sheathed, the exposed strand ends

permitted water to travel down through the interstices around

the king wire. Microscopic examination found pits at the

contact points between the wires or with the sheathing. The

maximum pit depth found was 0.25 mm with pit depths of

0.1–0.15 mm appearing regularly along the strand at intervals

not exceeding 150 mm (Fig. 5).

It was postulated that the corrosion was initiated by a crevice

mechanism in the minute gap between the sheathing and the

strand, with moisture entering the crevice by capillary action.

(Sheathing used up to the 1980s often incorporated a smaller,

grease-filled annulus surrounding the strands, resulting in a

tighter fit than is supplied in current systems, which provide

more grease cover and reduce cohesive frictional resistance

between the strand and the sheath.)

Given these observations, and bearing in mind that EN 15375

stipulates complete annulus filling, it is recommended that the

efficiency of grease infilling should be assessed by routinely

testing sample lengths of greased and sheathed strand, as

supplied by the manufacturer.6

Essentially, the testing comprises full immersion of the sample

in a cylinder (preferably graduated), in order to determine

(a) the volume of greased strand withdrawn from the sheath,

Vgs

(b) the volume of strand after degreasing with solvent, Vs

(c) the internal volume of the plastic sheath, complete with

any retained grease, Vpsg, by sealing the basal end and

measuring the volume of water to fill void

(d ) the volume of water to fill sheath, having cleaned the

sheath with solvent, Vps.

Given that

volume of annulus, Va ¼ Vps � Vs

grease volume around strand,
Gs ¼ Vgs � Vs

grease volume remaining within the plastic sheath,
Gps ¼ Vps � Vpsg

then

percentage grease infilling of the annulus,

%Gia ¼
Gs þ Gps

Va
3 100

1

Where specialised equipment and factory controlled conditions

are employed, the efficiency of grease infilling ranges from

75% to 100%, but in general practice field measurements

indicate a range of 0–100%, where 1 m sample lengths were

tested in each case. A practical acceptance criterion of %Gia >

80% is recommended, and all sheathed strand suppliers should

provide factual data confirming compliance with this criterion,

which can also be checked routinely in the field. Sample

lengths can vary from 0.3 m to 1 m, and it is important to

establish the accuracy of testing, depending on the method

used.

It is also recommended that, prior to stressing, protruding

greased and sheathed strands should be sealed at the exposed

ends by greased tape or caps in order to prevent moisture

ingress. After stressing, the protruding strands should be

immediately sealed by encasement in corrosion-inhibiting

grease. Figs 6–9 illustrate an appropriate sequence of applying

corrosion protection to an anchor head with protruding

strands.

Fig. 4. Exposed protruding tendon after exposure to
groundwater inundation for 18 months4

Fig. 5. Magnified view of corroded strand, showing pit4
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In spite of the high chloride content of the groundwater,

chloride content measured along the corroded strand was only

0.7 mg/m, and was regarded as insignificant in terms of

corrosion potential. The effect of chloride would have been

worthy of study had the content exceeded 4 mg/m. However,

during the investigations, a faint smell of hydrogen sulphide

was detected when peeling back the sheathing, which indicated

the possibility that the corrosion could have been

microbiological-influenced corrosion (MIC).

An exposed sample of corroded strand was tested with

hydrochloric acid, which released hydrogen sulphide and

confirmed the presence of iron sulphide corrosion deposit.

Bacterial enumeration was also carried out on swabs from the

strand, which confirmed sulphate-reducing bacteria (SRB). The

combination of iron sulphide corrosion product and the

presence of SRB confirmed that the corrosion was due to MIC.

Where MIC occurs, the corrosion process generates hydrogen,

which, owing to the iron sulphide, preferentially enters the

steel. Bacterial attack is often characterised by the formation of

shallow pits (generally less than 0.1 mm), which were a feature

of the pitting found on the strands.

In order to determine whether the anchorages had lost strength,

proof-testing of eight selected anchorages to 1.5Tw (Tw ¼
625 kN) was undertaken. The proof load of 938 kN was held for

3 days without failure, but in order to detension the

anchorages the load was increased further to release the

wedges, and failure occurred on two anchorages at loads of

970 kN up to 990 kN (1.58Tw).

On close examination, the strands were found to be fairly

heavily corroded, and failures had initiated close to the root of

the lowest serration of the gripping wedge, where the

indentation (notch) depth in the outer wires was 0.3 mm (Fig.

10). The crack was opened up, and scanning electron

microscopy revealed evidence of a brittle fracture over the full

depth of a 40 �m crack that was present prior to failure and

caused by hydrogen. Failure was judged to be due to the notch

Fig. 6. Greased and sheathed protruding strands with upper
end seals to prevent ingress of moisture, plus plastic base
tube to contain grease protection of stressing head

Fig. 7. Heating of corrosion-inhibiting grease to give pumpable,
self-levelling consistency

Fig. 8. Placement of self-levelling grease to encapsulate fully
the stressing head and base of greased and sheathed
protruding strands

Fig. 9. Finished corrosion protection of stressing head and
protruding strands

110 Geotechnical Engineering 161 Issue GE2 Maintenance and monitoring of anchorages: case studies Littlejohn • Mothersille



acting as a point of stress concentration in an area of pre-

existing hydrogen damage. Where a proof load of 1.5Tw was

applied at Kuwait, the typical indentation (notch) depth formed

by the wedges was around 0.3 mm.

Standard laboratory tensile and bending tests were carried out

on samples of strand and wire, and indicated no loss of

strength. On review, it was judged that the fast rate of strain

during the tests would not necessarily indicate evidence of

stress corrosion cracking (SCC), as both the rates of both

generation and diffusion of hydrogen to the point of high stress

can be slow compared with the times for standard testing.

As a consequence, slow strain rate testing (10–6/s) was carried

out on individual 5 mm diameter wires with machined notches

of different depths, namely 0.3 mm, 0.35 mm, 0.5 mm and

1.0 mm, in air and also in a 3% sodium chloride solution, in

order to establish whether there was a critical depth of pit by

comparing failure loads and notch depth. Thereafter, constant-

load testing at 60%UTS and 70%UTS (ultimate tensile strength

of wire) was carried out for approximately 6 days in a 3%

sodium chloride solution.

Overall, the results indicated that, for strain-controlled tests,

fast fracture is not likely to occur from notches or pits

< 0.3 mm in depth, and that notches of 0.5 mm are likely to

cause fast fracture of wire only at loads in excess of 70%UTS

(. 30 kN).

Where SCC associated with hydrogen embrittlement is the

concern, the key consideration is what depth of pitting related

to applied tensile stress and the environment promotes this

mechanism. In fracture mechanics a critical value known as the

threshold stress intensity factor KISCC is established, above

which stress corrosion cracking will occur.

K ¼ �
ffip
(�a)2

where � is the applied tensile stress (MN/m2), and a is the crack

depth (m).

For a notch 0.5 mm deep in 3% sodium chloride solution, a

constant load of 30 kN (� ¼ 1500 MN/m2) created failure by

SCC after 110 h (K ¼ 60 MN/m1:5). For the same test with a

0.5 mm notch and an applied load of 24 kN (� ¼ 1200 MN/m2),

no failure occurred during the 144 h test (K ¼ 48 MN/m1:5),

although an 11 mm long crack at the foot of the notch was

recorded. For a 0.35 mm notch and an applied load of 20 kN

(� ¼ 1000 MN/m2) no failure occurred during the 144 h test

(K ¼ 33 MN/m1:5), with an absence of cracking. Overall, these

results suggest a KISCC value between 33 and 48 MN/m1:5.

Given these test results, it was judged appropriate to accept pits

in the outer wires up to 0.3 mm in depth without any change

in the applied tensile load, once the strands had been

thoroughly cleaned and a dry, corrosion-free environment re-

established. Nevertheless, it is important to record that depths

of 0.46 mm for the manufactured wedge serrations led to

indented notches of 0.3 mm on the outer wires of the strand.

Although acceptable, this value is relatively close to the critical

defect size, and this emphasises the importance of corrosion

protection within and immediately below the stressing head.

The interface between the wedge and the tapered hole interface

should always be oiled so that the wedge can move freely

within the tapered hole and limit the ingress of contaminants,

otherwise the grip efficiency is impaired.

The information obtained on this project illustrates the value of

a detailed investigation involving tensile and metallurgical

testing, which permitted acceptance of in situ anchorages once

a corrosion-free environment had been re-established, as

opposed to a simple visual assessment of the level of corrosion.

4. DEVONPORT ROYAL DOCKYARD, ENGLAND

A total of 333 multi-strand anchorages with free lengths up to

35 m were installed through mass-concrete retaining walls into

Upper Devonian slate for two naval dry docks. The tendon

bond length was encased in cement grout, and each free length

of strand was greased and sheathed in polyethylene. The

anchorages were designed with a working load of 2000 kN, and

lock-off loads ranged from 2200 to 2250 kN.

Following stressing, the anchor heads were either coated in

bitumen or cement-grouted. The protruding 15.2 mm diameter

compact strands above the head were either greased and

enclosed in polyethylene sheath or wrapped in grease-

impregnated tape. The anchor heads and their protruding

strands were located within a services trench that was

subsequently backfilled with sand by the main works

Fig. 10. Magnified views of wire fracture located at lower
serration of the gripping wedge4
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contractor. The design, installation and testing of these rock

anchorages are described in the literature.7

The early load behaviour of 10 anchorages was monitored

using load cells at hourly intervals during the first 24 h, weekly

for the following 6 months, and thereafter at monthly intervals

up to a period of 46 months. The objective of the service

behaviour monitoring was to measure load loss with time and

load changes during the initial basin dewatering phase, and

eventually confirm an overall stabilising trend. The maximum

recorded load loss was 7% before stabilisation was confirmed,

after which regular monitoring was discontinued on site.8

Subsequently, researchers9 have described an investigation into

the condition and performance of 222 anchorages existing

within two walls of Docks 14 and 15 after a period of 22 years

in the marine environment.

The testing programme involved

(a) corrosion inspection above and below the anchor heads

(b) mono-strand jack lift-off testing to determine the residual

loads in the strands and assess the grout/strand bond

(c) cyclic load–extension tests of individual strands to

determine apparent free length

(d ) metallurgical and environmental investigations above and

below the anchor heads to determine the nature and

severity of the corrosion of steel components and the

corrosivity of the environment.

Seventy-four anchorages (33.3%) were inspected for corrosion

above the head, and 48 (21.6%) were inspected for corrosion

below the head. 69 anchorages (31.0%) were subjected to load

lift-off tests, and eight (3.6%) were subjected to cyclic load–

displacement tests.

During testing, four strands (0.5% of strands tested) failed

above the head during lift-off tests. A total of three strands

(0.4% of strands tested) failed above the head during cyclic

load testing. Only two strands (0.3% of strands tested) were

found to have failed during service, owing to severe corrosion

immediately below the anchor head. These strands were

extracted over their full length and cut into 2 m lengths, and

samples from below the anchor head, free length and bond

length were then subjected to tensile and metallurgical testing.

In addition, samples of the groundwater in boreholes, water in

the services trench and sandy fill around the anchor head were

taken for chemical analysis.

Within the tendon bond length, only general corrosion was

recorded on the strands, but with negligible loss of strand

diameter. Although the protection was limited to cement grout

cover, the rock mass had been pre-grouted during anchorage

installation, where appropriate, to eliminate grout loss during

injection and ensure a low rock mass permeability. Within the

free length, corrosion was absent where grease and

polyethylene sheathing were in position to provide protection.

Although not quantified in terms of corrosion depth, where

corrosion of the anchor head or strands was observed,

corrosion was graded9 to ensure a consistent approach to the

field inspection (Table 1). The term ‘flaking’ describes loss in

layers due to general corrosion.

A wire brush was used to remove any remnants of flaking

corrosion from the portion of each strand immediately above

the wedges. Vernier calipers were used to measure the diameter

of this section of strand (Fig. 11). It is noteworthy that digital

readout vernier calipers are used commonly today.

In addition, the lengths of protruding strands were measured

with notes such as ‘kinked at wedge’ or ‘strand bent’. Such

observations are vital in the UK, because mechanically

damaged strands (depending on the severity of damage and

location with respect to the wedges) are often considered

redundant, in accordance with BS 8081,10 when assessing a

safe anchorage capacity.

It is also vital to record the nature of corrosion: stress

corrosion cracking and hydrogen embrittlement are not

normally tolerated because there is currently no predictive

capacity for estimating the remaining life of the stressed

tendon. For these localised corrosion mechanisms, very small

losses of metal can lead to failure. Tendon units (i.e. bar, wire

or strand) exhibiting these mechanisms of corrosion are usually

rejected.

Where grade 2 or 3 general corrosion was recorded, the loss of

section of the tendon unit was measured and compared with

acceptable manufacturing defects, in order to judge whether or

not the loss of section could be accepted. The type and depth of

manufacturing defects can be provided by the tendon supplier.

Above the stressing head the strand diameter ranged from

12.90 mm to 16.77 mm (expansion due to slight unwinding

Corrosion
grade

Description

1 Lightly corroded, light brown in colour, no flaking
corrosion

2 Moderately corroded, deeper brown in colour,
no/light flaking corrosion

3 Heavily corroded, variation of colours (brown/
orange), flaking corrosion that can be removed
or brushed off

Table 1. Corrosion grades used for corrosion inspection

Fig. 11. Measurement of strand diameter by vernier calipers
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and corrosion of individual wires) for a manufactured diameter

range of 15.0–15.6 mm, thereby indicating a loss of diameter

of 2.1 mm for the minimum manufactured diameter due to

flaking of the wires caused by general corrosion.

While the stressing heads were mostly lightly to moderately

corroded (grades 1 and 2), the internal surface of the serrated

faces of wedges (removed during cyclic loading) ranged from

serrations partly filled with corrosion products to serrations

appearing smooth owing to the complete filling of the notches

with flaked surface rust. This clearly reduces the ability of the

wedges to grip the strand efficiently.

Below the anchor head, the condition of the strands was

investigated by fibrescope attached to a video camera.

Weerasinghe and Anson9 graded the condition of the strands

according to Table 2 and Fig. 12.

The strand condition varied from completely sheathed (i.e.

abutting the underside of the stressing head) to exposed over a

distance of 5–210 mm below the head. Where the sheathing

was absent, two types of corrosion were encountered: general

corrosion over the local area exposed, and environmentally

assisted stress corrosion

cracking (SCC).

It was concluded that the

probable cause of the SCC

was freshwater sulphate-

reducing bacteria that were

found in the sandy fill

surrounding the anchor

heads.

The most severe general

corrosion below the anchor

head resulted in a loss of

strand diameter of 1–2 mm,

but there was no evidence of

pitting, and no failures were

encountered due to this level

of corrosion after a period of

22 years. Had pitting been

observed, it was judged from

general experience that a

0.4 mm pit would be

acceptable, implying a

minimum acceptable strand

diameter of 14.6 mm.

The cold-drawn strands were

not considered to be highly

susceptible to SCC, but, given

the exposed sections of some

strands below the stressing

head, it was decided that

strands with applied tensile

stresses above 60%fpu ( fpu ¼
characteristic tensile strength)

might be at risk, and such

strands were not relied upon

when assessing the residual load for each anchorage.

Since all the strands in an anchor head could not be tested,

owing to lack of access, and strand damage above the stressing

head, a conservative approach was taken in estimating the

reliable residual load in service for each anchorage, namely,

the sum of the strand residual loads tested on a tendon minus

the load in those strands found to

(a) have an average diameter of less than 14.6 mm

immediately above the wedges

(b) be grade C or B/C below the stressing head

Grade Description

A Strand sheathed and sheathing not damaged
B Strand unsheathed, no corrosion obvious
B/C Strand unsheathed, presence of corrosion uncertain
C Strand unsheathed, corrosion observed

Table 2. Grading system used for fibrescope investigation

‘Kinked’ strand

Above head

Locking wedges
Loss of section

Stressing head
Bearing plate

Below Head

‘C’ rating ‘B’ rating

Sheath short
of head

D
oc

k 
w

al
l

‘C’ rating

Split in
sheath

‘B’ rating

Top of
borehole

grout

D
ock w

all

Fig. 12. Typical section of an anchor head, strand and corrosion ratings9
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(c) be grade B and have a residual load greater than 60%fpu.

Given the use of 15.2 mm diameter compact strands with a

characteristic tensile strength of 300 kN and original design

working load of 0.55fpu, the residual loads on individual

strands ranged from 0.14fpu to 0.68fpu (41–204 kN) with an

average of 0.52fpu (156 kN) at 14 Dock, and 0.04fpu to 0.66fpu
(12–200 kN) with an average of 0.47fpu (141 kN) at 15 Dock.

Following this maintenance inspection and programme of

service behaviour monitoring, and bearing in mind the

exposure of the stressed strands to a marine environment,

particularly in the location of the anchor head, it is

encouraging that these 1970s anchorages continued to hold a

significant, albeit de-rated, residual load.

5. FINAL REMARKS

Case histories of anchorage behaviour where the aggressivity

of the ground and groundwater are quantified as well as the

condition of the exposed anchorage components are rare.

The case histories in this paper illustrate the nature of three

problems that have been encountered in the field, how they

were investigated in detail, and the lessons that were

learned.

Given knowledge of the environmental conditions, when

corrosion of tendons is encountered the value of detailed

metallurgical examination and testing to investigate the nature,

intensity and extent of the corrosion cannot be

overemphasised, when determining the risk of failure and the

most appropriate remedial measures. These may range from

replacement or downgrading service loads to re-establishment

of a corrosion-free environment and corrosion protection to

maintain the original design intent.
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