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ABSTRACT: Acid seepages and deterioration of the cast iron ttmnel linings at Old Street have been monitored since 1962.

Investigations have been carried out to determine the source of the acid, and the cause of extensive cracking of the linings.
Strain gauges have been installed on the linings, and instrumented lining plates removed and tested. Extensive chemical
and mineralogical examinations have been carried out on samples of soil and contact grout. The investigations indicatenthe
acid to be formed by the oxidation of iron pyrites, present within the Woolwich and Reading Beds, and cracking of the
linings to be a result of an expansive reaction between the contact grout and the acid.

l INTRODUCTION

The twin iurming ttmnels, cturently part of the City Branch
of the Northern Line, were constructed between 1899 and
1901 as the City and South London Railway. The elevation
of the tunnels at Old Street is at about the level of the
interface between the London Clay and the' underlying
Woolwich and Reading Beds (WRB), such that thetimnels
pass between one formation and the other. To the south of
Old Street station, the tunnellers encountered a lens of
sand, shown in section on Fig. 1.

In 1902, the Great Northern and City Railway was
constructed  the London Clay directly above the existing
tunnels. Between 1922 and 1924, the City and South

q London Railway, which in this location had been
F constructed in l0'6" diameter grey cast iron, was expanded
to a nominal diameter of l1'81/4". The expansion was
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Figure 1: Cross section through ttmnels

achieved by the insertion of four new ordinary castings and
a new tapered key, producing a non-circular section, as
shown on Fig. 2. Difficulty was experienced in carrying
out this work; the sands, .which had originally been
saturated, . were found to be relatively. dry and proved
difficult to support. Large quantities of timber and grout
were used during the enlargement (Jones & Curry, 1926).

In November 1962, 20 segments of the southbound
ttmnel of the Northern Line were fotmd to be cracked, and
seepages of water in both northbound and southbotmd
ttmnels fotmd to be highly acidic (pH 2-3). The cracks
were principally at axis level, through the flanges of the
segments. Seepages of water and chemical deposits had
been_ noted for some 17 years previously, but had not been
considered of great significance. Follenfant (1975)
concluded that the cracks occurred shortly before the time
of their first discovery; this cannot be regarded as certain,
however, as there were no regular inspections made of the
structural condition of the linings at this time.

Investigations began immediately, in which nearly 100
auger holes, 2m deep, were made through the existing grout
holes. Borehole investigations were also made Hom street
level, and it was found that the acid seepages and damage
were associated with the sand lens encountered during the
original construction. Large volumes of sodium hydroxide
solution were injected through the linings, but the effect of
this was found to have disappeared after a few weeks.
Voids were found above the tunnel crown of both tunnels,
and a total of 75 tonnes of fly ash was injected over a 50m
length of the twin tunnels; it is believed that the voids have
arisen principally as a result of deterioration of timber used
in ground support during the lining expansion, and possibly
due to dissolution of soil and pyrite. Strapping to secure
the cracked linings was installed by bolting fabricated steel
sets through the existing flanges at axis level. The source
of the acid was not positively identified, and became the
subject of much controversy. The potential for acid
generation by the oxidation of pyrites was discussed,
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Figure 2: Lining expansion, 1922-1924

although many preferred an industrial source, maintaining
that a natural source could not explain the voltune and
strength ofthe acid.

Monitoring continued, with the installation of vibrating
wire strain gauges in 1970, and horizontal extensometer
measurements in 1976 (Mott-Hay & Anderson, 1986). The
possibility of bacterial oxidation of pyrites was
investigated further, Le Roux (1986), carried out biological
examinations of five water samples of pH ranging from
2.97 to 3.34, taken from the trmnels, he fotmd no trace of
sulphur-oxidising bacteria, but was' able to culture
Thiobacillus Ferrooxidans in the sample of highest pH.
Rainey & Rosenbaum (1988) carried out a detailed study of
the acid attack, and concluded the oxidation of pyrites to be
the most likely source of the acid.

A detailed groimd investigation followed, in which the
nature of the sand lens and ground chemistry were
examined (Bird et al, 1989). Investigation of the tunnel
linings and cracking mechanisms were also studied.
Detailed condition surveys carried out by London
Underground showed that the number of cracked segments
had increased substantially. Cracks were found to be
present in the pans of segments, between grout holes and
randomly across the segments; two segments had large
holes through them and required immediate replacement.

Due to the level of deterioration of the condition of the

linings, further strapping was carried out in 1991, as a
temporary measure, and the decision to rebuild the tunnel
linings made by London Underground Limited. Rebuilding
of the linings is currently in progress.

2 GROUND INVESTIGATION

2.1 Soil Profile

The stratigraphy of the area has been established from
borehole investigations, and records obtained Hom the BGS
database. The positioning of boreholes, which are shown
on Fig. 3 was govemedfo a large extent by the presence of
buried utilities, and constraints imposed by the heavy traffic
in City Road. As shown on Fig. 1, the affected tunnels are
within the WRB (now known as the Lambeth Group), with

is

an interface between WRB sand and clay, at about ttumgl
axis level.

The sand unitis closely associated with, although p0gt_
dates, the Upper Shelly Clay of the WRB (Bird et al, 1989,'
and Ellison, 1983). The sand is of marine or coastal origin,
is predominantly fine to meditun grained, and contains .a
substantial proportion of organic debris. It probably
represents part of a complex of tidal channels on the
northem boundary of the London Basin, a precursor to the
London Clay transgression. Anaerobic activity hasiled to
the formation of pyrites, which is finely disseminated
throughout the sand.

Modelling of the various sLu'faces of strata showed-the
tunnels to pass through a shallow sand-Elled valley in the
WRB clay sequence (see Fig. 4), the extent of damage in
the tiumels was found to be confmed to the length of tunnel
within the WRB sand.

2_2 Groundwater

Groundwater levels in the chalk aquifer have been lowered
by abstraction; during the investigation in 1989, a standpipe
installed in borehole C, to 68mTD (Tunnel DatLun= Newlyn
-l00m), wasfound to be dry. It is estimatedthat water
levels in the chalk were below the level of the tunnels, both

during their construction in 1899-1901, and their expansion
in 1922-24. It is likely that construction of the tunnels led
to drainage of the sand lens, and exposure to aerobic
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Figure 3: Borehole location plan and affected tunnels.654 i
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Figure 4: Upper surface of WRB clay

conditions for the first time since the London Clay
transgression.

/ An array of 5 vibrating wire and 2 standpipe
piezometers were installed in boreholes B and Bl, and
standpipes installed in the sand lens from within the
ttmnels, at selected locations. Observations showed,
typically, 0.5m water within the Thames Gravel, and the
London Clay to have an Lmder-drained pore-pressure
profile, which is probably influenced by the presence of the
Great Northern and City Railway. The WRB sand lens was
found to be relatively dry, except for about 0.5m of water
perched in the base of the "valley", shown in fFig. 4,
.adj acent to the timnels.

2.3 Geochemistry

Analyses of tests on water and soil extracted from the
WRB sand lens are stunmarised on Table 1, the table has
been arranged to allow a comparison between samples
taken Eom within the tunnels, and boreholes close to, and
distant Hom, the affected length of ttmnel.

As can be seen from Table 1, pyrites (FeS2) is
distributed in the sand arotmd the tunnels, and constitutes
about 0.2% of the volume of the sand. High levels of
dissolved metals and sulphates,,however, are found only
locally to the tunnels. The extremely low values of pH
measured were evidenced by observations of the cast iron
linings effervescing under the action of flowing acid water.
A small concentration of htunic acid derivatives, a complex
product of the deterioration of organic material, was also
found to be present in seepages into the tunnels.

An important observation was made during a night
inspection, in February 1989; a strong flow of gas was
found exiting from the standpipe piezometers_ The gas flow
could be felt on the back of the hand, 1-1.5m above the
piezometer tubing. It was found subsequently, that at the
time of this observation, barometric pressure was extremely
low (965mb). Meastues were taken tosample the gas, from
the standpipes and through the grout holes in the crown of
the tunnels. The sampling was carried out using a small
hand pump and inert sampling bags. Unforttmately,
sampling through the linings and from the piezometers
were carried out at different times, and sampling through
the linings was limited to one visit. Nevertheless, the
results of gas chromatography analysis, summarised on
Table 2, show the sand remote nom the ttmnels to be
relatively anoxic, and the sand adjacent to the tunnels to
contain higher levels of oxygen. Another interesting
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$f"“d`""°d Valley Table 1: Results of chemical analyses on soil and water
Note: NM= not measured

Property/ Borehole
Compound Tunnel

A & C B, E & F

pH 2-3.3 0.73-2.94 8.1-8.36
FeS2 NM 0.11-0.27 0.33-2.41
(% by vol.) _

NH4 as N 30-87 -NM A NM
TOC 101-146 NM NM
cations, mg/l in water

Na 130-870 55-220 40-117
Mg 2580-3840 675-9150 9-61
Al 1400-14300 1880-34600 < 0.15 '
Ca 520-550 348-690 17-141

Mn 79-108 18-223 <0.048
Fe 9020-26400 975-91700 0.02-0.061

Co 220-1040 35-2390 <0.03
Ni 260-1270 47-2380 <0.03
Zn 420-2360 120-9230 <0.103
La 16-20 4-85 <0.03
anions, mg/1 in water

SO4= as S 40000- 6950- 37-860
50300 98700

Cl' <30 <30 20-135
Hoo," <1s3 NM NM

Table 2: Results of gas analyses

Gas Tunnel Borehole AtmosphereA B U
02, % 13 1.0-2.1 0.5-1.9 21
N2, % 83.2 92.6 96.6- 78

95.2

CO2, % 2.8 3.0-4.3 0.3-1.9 0.03
CH4, % <0.01 <0.05 <0.05 0.00015

HZS, ppm <2 <5 <5 1-5

feature is the relatively high levels of carbon dioxide in the
sand, when compared to atmosphere. Gases usually
associated with actively reducing environments, eg
hydrogen sulphide and methane, were virtually absent.



The results of the gas analyses indicate the joints in the
tunnel linings to be gas permeable, in practice it would be
difficult to have built a lining of this type that was
impermeable to gas, Simple calculations 'showed that the
transfer' of large volumes of air through the lining would
take place even at quite small differences in ambient
pressure in the tunnels and in the sand. Changes in
barometric pressure and the passage of trains, would be
sufficient to allow the transfer of gas backwards and
forwards through the linings, thereby providing a supply of
oxygen to the sands in the vicinity of the tunnels.

2.4 Examination of Contact Grout

Cores of grout were taken by drilling through the iron with
a 20mm diameter hole-saw. Examination of many of the
samples showed a variation in pH across the thickness of
the grout; grout in contact with the soil was fotmd to have
a pH as low as 4, varying to greater than 12, at the contact
with the iron.

Large, relatively intact samples of grout were obtained
during the replacement of three segments in 1991. The
samples were examined by- optical microscopy and
scanning electron microscopy at the -Building Research
Establishment. Crammond & Rayment (1991) in
describing this work noted that the composition of the 70
year -old grout was not of a typical Portland Cement, nor of
a hydraulic lime, but resembled that of a "Roman Cement".
The grout also contained numerous dusty particles of
calcium carbonate.

At axis level and below, gypstun was found at the back
of the grout near the clay interface; within the grout,
parallel bands of the sulphate-bearing mineral 'thaiunasite'
were found, up to 30mm from the clay interface.

Thaumasite often occurs as the deterioration product of
sulphate attack. Its formation requires the presence of
carbonate species, which are not always present in grouts.
However, limestone dust particles were fotuid in the grout,
either as a product of the cement manufacture or possibly
added to improve water-tightness. The growth of parallel
bands of both gypstun and thatunasite jacked the parent
material open; to produce, at microscopic level, a highly
voided fabric. Consideration of the moisture content of
samples of the grout suggests that expansion of the grout by
up to 30% may have taken place.

ln some areas, the acid attack was fotmd to be more
advanced, with iron-rich reaction products fomiing
throughout the full thickness of the grout. Samples of
grout taken from above shoulder level were found to be
very hard, and carbonated, probably as a result of exposure
to the carbon dioxide enriched gas present in the soil above
the perched water. The extent of carbonatioii `was
examined in situ by spraying the exposed grout surface
with phenolphathaleine.

3.0 OXIDATION OF PYRITES AND ACID ATTACK

3.l Acid Formation g

The mechanics of acid generation from pyrite are relatively
complex and involve both abiotic and bacterially mediated
reactions. Both the iron and sulphur components of pyrite
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can be oxidised. The first step in the reaction is the
bacterial oxidation of sulphur to sulphuric acid with therelease of ferrous ions: _
res, + 3.502 +H2O~ Fez +2 so42++ 2 H+ .1
ln a neutral environment, the ferrous ions would
immediately react with oxygen and precipitate as a ferric
salt. In an acidic abiotic enviromnent, the ferrous ions can
be remain relatively stable. However, in the soil, bacteria
may catalyse the oxidation of the ferrous ion to ferric ion: 1

2Fe2++0.5 O2+2H+»2Fe3++H2O 2 2
The ferric ions so produced, initiate an abiotic oxidation of
further pyrite:

FeS2 +14 Fe3+ + 8 HZO » 15 Fez + 2 SO42`+16 H+ 3
The ferrous ions generated by Reaction 3 are then oxidised
by Reaction 2 and a cyclic oxidation process thus
established. Krumbein (1985) notes that the Reaction 2 is
strongly dependent on the activity of thiobacilli and that
they can speed up the reaction by a factor 105 to 106. ln an
abiotic environment there may be no significant acid
generation. As a final step in the reaction ferric ions may
be precipitated, for example, as an hydroxide (mixed
sulphate species and jarosite and natrojarosite also may be
precipitated) with the generation of ftuther acid:

Fe3+ + 3 H50 » Fe(OH)3(S) + 3 H+ 4
The above reactions should be regarded only as an
indication of the processes involved. The actual reactions,
and especially the bacterial reactions will be more complex
and -will require a source of carbon for cell synthesis. For
some types of _ bacteria this can be supplied by carbon
dioxide Hom the atmosphere but, in this case, the organic
material in the sand is likely to have supplied much of the
carbon.

The thiobacilli thrive under acid conditions, typically at
or below pH 3. lf there is acid reactive material present in
the ground, and it can react rapidly with the acid as it is
generated, then bacterial reactions will be inhibited. Thus
acid-base accoimting is veiy important in assessing the
potential for acid generation; It is apparent that in the sa.nd
there is insufficient reactive material to maintain a high pH
and thus inhibit the reaction. However, it should be noted
that there has been significant reaction of the acid with soil
minerals resulting in the presence of altuninium and
magnesium etc. in the water (see Table 1). Consideration
of the chemical data shows, for the acid waters, that the
ratio of sulphate ion to hydrogen ion is ,in the range 16 to
3000 which may be compared with the theoretical of 0.5 to
l (0.5 if just the sulphur is oxidised, and l if both sulphur
and iron are fully oxidised).

3.2 Reaction ofAcia' with the Contact Grout ana' Cast Iron

The ultimate product of the pyrite oxidation is a strongly
acid liquor containing high concentrations of sulphate, iron
and aluminium and a large spectrum of other metals at
more modest concentrations (though very much higher than
would be expected in any nonnal grotmdwater.

The chemicals in the water will move into the grout by
permeation and diffusion. However, the acid and sulphate
will not advance at the same rate as they will be retarded by
reaction with the grout, but to differing extents. The
sulphate will react with free lime to form gypstun and this
gypsum then may be consumed in the formation of the



expansive phases such as ettringite and thatunasite. The
hydrogen ion will react with any acid reactive material in
the grout and in particular the lime and altunina species
which are present in large quantities in Portland cements.
A cement based grout will 'contain significantly more acid
reactive material then sulphate reactive material and, as
noted above, 'the relative molar (reacting) proportion of
sulphate ion in the grout may be of order 16 - 3000 times
greater than that of hydrogen ion. Thus, the sulphate front
will move much faster through the grout than the acid front.
The sulphate front, as it moves through the grout, will have
_produced thaumasite (ettringite, from sulphate reaction,
also might be expected but was not found)-_ The acid front,
when it arrives will dissolve much of the grout and destroy
the thaumasite. Thus if the grotmdwater moves Lmifomrly
through the grout there should be an expansive phase
followed by a slower contraction phase. In some of the
'grout cores recovered, the sulphate expansion phase had not
propagated through the full thickness of the grout and acid
attack was limited. As the acid and sulphate are known to
have been present for many decades it is apparent just how
slow the propagation of sulphate and acid attack can be.
' Elsewhere in the tunnels acid attack on the grout is more
evident and there is also acid corrosion of the lining. The
attack, initially, would have been focused 'on more
permeable areas, such as at grout holes in the segrnents_
Once bulk flow had been established, the rate of acid
delivery would have greatly increased beyond that which
could occur by permeation and diffusion through the intact
grout. The liquor would be strongly reactive with the iron;
for a pH of 0.73 to 2.94, the quantity of iron dissolved by
water would range from a few milligrams to a few grams
per litre of water (if it is in contact with the iron for
sufficient time - this may not occur in a flow situation).
Thus, a water seep may quite rapidly enlarge to a major
hole, as was found.

4.0 INSTRUMENTATION AND TESTING OF LINING
SEGMENTS

4.1 Tunnel Deformation

As. descri_bed in section 1, tunnel deformations were
monitored using vibrating wire strain gauges, installed in
1970, and horizontal extensometers at axis level. The
vibrating wire strain gauges continued operating
satisfactorily up until 1991, when additional strapping was
installed. The instrumentation showed a continuing rate of
convergence across the horizontal axes of the tunnels, of
about 3-4m1n per decade.

applied load

' ' ' | gauge
segment

Ilo " o_ Q /l/I o _' _ electrical resistance V'W - j
and Demec gauges gauge ~ _

Figure 5: Load test on removed segment

During the installation of additional instrumentation in
1990, cracking of the segments was triggered while holes
were being drilled, by London Underground, to _ secure
extensometer points; the points were subsequently glued inplace. `
4_2 Removal of an Instrumented Segment

Further strain gauging was carried out by the Building
Research Establishment (BRE) .in December 1990. The
instruments included electrical resistance, demec, and the
twin BRS vibrating-wire-type. The twin vibrating-vvire
gauge allows estimates to be made of both bending and
axial strains. The instrtunents were installed on, and
adjacent to two segments, which were removed in February

1991. Substantial bending strains were recoyered on
removal of the segments, one of which was intact, the
largest tensile strain recorded, 1530pe, was at the rnid-point
of the intact segment, on the flange-tip. The measured
changes in strain indicated:

i. a relieved bending moment of about 28.3MN-mm,
ii. a hoop stress of about 1_8N/mm2, the equivalent of
a unifonn loading of only about 1.6m of soil.

The effect of removal of the segments on adjacent segments
was found to be relatively small. The intact segment was
taken to BRE, where a load test was undertaken, with loads
applied as shown on Fig. 5. At an applied load of 9 tonnes
and central deflection of about 7mrn, one flange cracked,
the segment continued to sustain a load of 5_6 tonnes, with
one flange intact. The tensile strain at the inner surface of
the flange is shown on Fig. 6. As can be seen from Fig. 6,
failure took place at an applied moment of 33_2MN-mm,
and a tensile strain in the flange-tip of about 2000pe.
Excellent agreement was obtained between vibrating-wire,
electrical resistance and Demec strain gauges. The lining
stiffness, EI, back-calculated from the load test was found
to be 1.7x106l\/IN-mm2_

The load test confirmed the flanges of segments
removed to have been very close to tensile failure prior to
removal. Flexure of the lining at failure is relatively small
(22x10`6 mm`1), and is certainly within the capability of an
expansive reaction within the contact grout. The localised
influence of the thamnasite fonnation is confirmed by the
small effect of segment removal on adjacent segments.

\
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1000_
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Figure 6: Bending moment versus strain
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4.3 Comparison with Finite Element Predictions

A detailed finite element analysis was carried out, in which
the original construction and the expansion of the linings
were modelled (Higgins, 1993). The computer program
used for the analysis was ICFEP, developed by Prof D.M.
Potts of Imperial College. A non-elastic, perfectly plastic
constitutive soil model was used. Modelling of the tunnels
was carried out, assuming a ground loss of 1.5-2.0% in the
initial construction, and 0.5-1.0% in the expansion. No
attempt- was made to model expansion of the contact grout,
due to acidrattack.

It is usual in tunnels in stiff clays to observe a "squat" in
the linings, amounting to a lengthening of the horizontal
axis of up to about 0.5.%, following construction, in dense
sands, this figure is typically 0.25%. The analyses,
however, predicted a very small squeeze distortion (0.05 %),
following expansion of the lining and dissipation of
construction pore pressures. The reversed sense of
distortion is due to the presence of the sand/clay interface
at tunnel axis level. The analysis predicted a maximum
tensile strain in the linings of about 500ue at the flange-tip,
the strains predicted were not sufficient to cause distress to
the linings. -The maximum hoop loads predicted were the
equivalent of about 10m of clay, or 40% of overburdenstress. I

The large discrepancy between the finite element
prediction and the measurements made, is consistent with
chemical attack of the contact grout at tunnel axis level, and
deterioration of timbers used in ground- support during the
ttmnel expansion in 1922-24.

5.0 SUMMARY

About thirty five years after expansion of _ the tunnels near
Old Street, cracking of the ttmnel linings and seepages of
sulphuric acid were noticed, fabricated sets were bolted to
the linings to secure them. After a further thirty years, the
strapping was extended, and a decision taken to replace the
linings.

Investigations have identified the source of the acid as
the oxidation ,of pyrite, which is present in the soil
surrounding the tunnels. Cracking of the segments has
been caused byan expansive reaction between the contact
grout sturounding the segments, and the sulphuric acid.
Generation of the acid requires oxygen, which is supplied
through the ttmnel linings, and organic material and water.
The geological setting and the location of the ttmnels
provide ideal conditions for the generation of the acid.
Although unusual in the UK, similar behaviour, in relation
to tunnels, has been identified in the US (Gould, 1988).

Behaviour of the linings has been examined in depth,
the contact grout was found to contain bands of the
expansive sulphate-rich mineral, thatunasite. Monitoring
and physical tests on the tunnel lining, and fmite element
modelling, have confinned that the degree of expansion that
has taken place in the grout is sufficient to have caused
cracking of the linings. 5

REFERENCES

Bird, M. J., Cook, J. M., Darling, W. G., Kirmburgh, D.G.,
McKittriek, R. P., Perkins, M. A. and Robins, N_
(1989) An Investigation into the Occurrence of Acidic
Groundwater beneath City Road, London. ' Report
WD/89/34C, British Geological Survey.

Cook, J. M. and Edmunds, W. M. (1987) Old Stregt
Station: Grormdwater Investigations. Report byBrit. Geol. Survey. ` 

Cramrnond, N. J. and Rayment, D. (1991) Mineralogical
and Chemical Investigation of Grouts and other Related

Materials from Old Street Tunnel Linings. report by
Building Research Establishment.

Ellison, R. A. (1983) Facies distribution in the Woolwich
and Reading Beds of the London Basin
Proc. Geol.Soc. 94(4), 311-319.

Follenfant, H. G. (1975) Reconstructing London's Under
groimd. publ. London Transport. 2nd, Edn., 157-159.

Gould, J _ (1988) Water Intrusion in Undergrormd

Structures. Report UNTA-DC-06-0374-88-1`, US Dept.
of T ransp.

Higgins, K. G. (1993) Old Street Tunnel Lining
replacement Scheme, Finite Element Analyses. Report

by Geotechnical Consulting Group.
Le Roux, N. W. (1986) Testing of Water Samples from

London Undergroruid Tunnels. Lmpubl. report by Warren
Springs Laboratory.

Jones, I. J. and Curry, G. (1926) Enlargement of the City
and South London Railway Tunnels. Proc. Inst. Civ.
Engineers, Vol. 224, 176-201.

Krumbein, W.E. (1985) Microbial Geochemistry.
Scientyic Publications, Blackwell , Oxford.

Mott, Hay & Anderson (1986) Evaluation of Tunnel
Linings, 1984-1985, Northern Line, Old Street. Report
prepared for LUL, Jan. 1986.

Rainey, T. P. and Rosenbaum, M. S. ( 1988) The adverse
influence of geology and groundwater on the behaviour
of London Underground Ttmnels near Old Street Station.
Report prepared for London Underground.

Tedd, P. (1991) Investigation at Old Street tunnels,
Northern Line, London Underground. intemal report by

Building Research Establishment.

658


