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Laboratory investigations have been used to derive a high number of important details on sulphate attack
on hardened concrete, but are not able to forecast the performance of this material under field conditions.
In order to obtain reliable information on the long term behaviour of concrete, a survey is presented that
looks at sulphate and sulphide containing environments in a particular region in mid-Europe. Twenty
concrete structures have been sampled and analyzed.

The classical idea of sulphate attack considering the migration of sulphate ions from ground or river

?ﬁ{;‘;&ﬁs;tta k water into concrete with subsequent phase transformation and damage has not been confirmed. This
Concrete kind of exposure was found to be rare and no serious deterioration has been observed in connection with
Ettringite it. However, concrete is liable to be destroyed when in contact with sulphide bearing environments or if
Thaumasite intimately mixed with gypsum. Disintegration and serious expansion requiring immediate repair has
Gypsum been observed. Information on all investigated structures are presented in this article and in more detail

in a separate report.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is a material that is used for many purposes in con-
struction without the need of maintenance during the life time of
the structure. However, it can be damaged by a number of chemi-
cal reactions that are often due to the ingress of certain reactive
species in the microstructure. Such reactions are carbonation, chlo-
ride induced steel corrosion and sulphate attack, among others. At-
tack from an aggressive species is considered during concrete
production by selecting cements that exhibit superior resistance
in the relevant exposition.

Research into performance and durability of hydraulic limes and
cements has a long tradition, starting in the 18th and 19th century
with investigations reported by Blezard [1]. A high number of
research programs have been conducted in the 20th century, acquir-
ing knowledge on the nature of sulphate attack mechanisms. Mono-
graphs and review articles on this issue are available [2-7] and
design of concrete exposed to sulphate attack is supported by stan-
dards and guidelines.

Upon the contact of concrete with sulphate containing environ-
ments, a diffusion of sulphate and potentially of other ions in the
hardened cement paste takes place. Some of the phases in the
microstructure are sensitive to an interaction with sulphate.
Calcium hydroxide reacts with sulphate ions to gypsum, AFm
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phases are converted to ettringite, and C-S-H is potentially trans-
formed into thaumasite. All of these reactions induce a modifica-
tion of the microstructure of the hardened cement paste. Most
often, expansion and micro-cracking are observed, although soft-
ening and disintegration have been reported as well. In order to
avoid these deterioration processes, mix design properties such
as water/cement-ratio and cement content are modified and
sulphate-resisting cements or binders are used. Susceptibility is
reduced by restricting the amount of the clinker phase C3A in the
cement and by adding mineral admixtures such as blast furnace
slag and coal fly ash. These information and many other details
have been derived from the results of a great number of experi-
mental investigations carried out under laboratory conditions.
Experimental investigation in laboratories benefit from the fact
that the test conditions can be carefully controlled whereas real
field situations are much more complex. It has been proved diffi-
cult to compare the outcome of laboratory scaled investigations
with experiences of the performance of hardened concrete under
field conditions. This is mainly due to the limited number of stud-
ies addressing field situations. Most of the latter have been focused
on the cause of damage in a special case [8-24,34], whereas more
general studies are rare. Information related to the distribution of
sulphur bearing environments and the performance of concrete
in these conditions would be helpful to identify correlations and
differences between lab and field behaviour. Only a few publica-
tions are available on this topic. A systematic survey of concrete
structures in the UK damaged by the thaumasite form of sulphate
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attack (TSA) has been reported recently [5]. The performance of
concrete is currently being tested in situ by exposing a number
of different concretes to the aggressive environment that has been
identified in the aforementioned study [25]. Information on the
distribution of sulphate containing environments is hardly avail-
able [5,26,27]. Field concretes exposed to sulphate have been stud-
ied by SEM [28].

The current study has been set up in order to add supplemen-
tary data on the nature and distribution of sulphate and sulphide
containing environments in a specific area in mid-Europe. Twenty
structures exposed to these environments have been examined by
visual inspection and core drilling of hardened concrete followed
by testing of the obtained samples with different analytical tech-
niques. Information on the long term performance of the structures
under examination have been derived from strength data and the
depth of the damaged surface layer. The obtained data can be used
to discuss the relevance of laboratory investigations with respect
to kind and frequency of different types of expositions, correlation
of attack mechanisms between laboratory and field, extent of dam-
age, and other questions.

The investigations reported in this paper are restricted to a spe-
cial region in Germany with a broad range of sulphate related
expositions. However, the spectrum is not exclusive and other con-
ditions can be met elsewhere. Most relevant are aride soils and sul-
phide containing clays that are not abundant in the region under
discussion.

2. Laboratory examination and testing

Most of the concretes investigated in this study have been sam-
pled by core drilling (diameter 100 mm). These samples were
tested with respect to compressive strength, carbonation depth
(phenolphthalein test) and phase transformation. The latter com-
prised SEM on polished sections and fracture surfaces, thin section
light microscopy and qualitative XRD. The chemical composition of
the aggressive environments has been analyzed by wet methods
and ICP-OES. Data on the original composition of the concrete
was included in the evaluation where available.

3. Results

Thuringia is a region in Germany, mid-Europe, with about
2 million inhabitants residing on about 16,000 km?. A few small
mountains with a maximum altitude of approximately 1000 m
are located in this region. Ores and other resources have been
exploited by mining for more than 500 years. Due to its geographic
history, marine evaporates such as gypsum and rock salt are at or
close to the earth crust in some places. The climate is humid with a
medium temperature of approximately 8 °C and a medium rainfall
of 400-500 mm per year.

The classical model of sulphate attack relies on the idea that
sulphate ions migrate from an aggressive environment into con-
crete leading to phase transformation and structural damage. The
extent of deterioration depends on the sulphate ion concentration
itself and the kind and concentration of accompanying ions. Subse-
quently, exposition classes depending on the sulphate ion concen-
tration in the water have been introduced in standards for the
production of concrete, and measures are suggested to increase
the resistance of the material. Most prominent are the decrease
of the water/cement-ratio and the use of more resistant cement
types. However, standards and guidelines are developing over time
and differ between nations.

This study discusses the nature and distribution of sulphate re-
lated environments in a special region and the performance of con-
crete in these conditions. Classification of the exposure types is
different from the one suggested by the currently valid standard

EN 206. The following grouping in five classes has been found
appropriate. Exposition types 1-3 consider attack by dissolved sul-
phur species in combination with different accompanying ions,
types 4 and 5 are relevant for environments containing undis-
solved sulphur bearing minerals.

e Type 1: Mobile water may contain sulphate ions due to the dis-
solution of other minerals such as gypsum, and exposition class
1 considers elevated sulphate ion concentrations at a neutral pH
in the absence of harmful accompanying ions.

e Type 2: In contact with pyrite, increased sulphate ion concen-
trations in connection with low pH values in mobile water
may lead to a faster progress of deterioration.

e Type 3: This class includes highly concentrated brines with a
salt content ranging from 50 to approximately 300 g salt/kg
solution. Such brines are found in the vicinity of stockpiles
and waste tips from salt mining.

e Type 4: A direct contact of hardened concrete with sulphate
containing soil and rock is discussed in this exposition class.

e Type 5: Rock and soil with reduced sulphur in the form of sul-
phide is considered in class 5. Relevant minerals are pyrite,
markasite, and pyrrhotite.

For each exposition type, occurrence details are discussed in
combination with results from the examination of concrete struc-
tures that were exposed to this particular environment.

3.1. Elevated sulphate concentration in mobile water

Concrete structures in contact with mobile water such as
bridges and dams are mostly located on rivers. The sulphate ion
concentration of most rivers in the region under consideration is
monitored by local authorities. Depending on rainfall, the sulphate
concentration rises and falls over the course of the year. There is a
tendency to lower sulphate ion concentrations in wet seasons due
to a dilution with rainwater. An example presented in Fig. 1 shows
data collected over 6 years from one particular sampling point.
There is also a second variation of sulphate ion concentration be-
tween different sampling points on the same river.

The number of rivers falling in three categories with differing
sulphate ion concentrations is presented in Fig. 2. A majority of test
sites indicate sulphate ion concentrations never exceeding 400 mg/
1. In contrast to this, a medium sulphate concentration of approxi-
mately 600 mg/l is encountered for only a few very small rivers.
Both categories correspond to exposition class XAO or the lower
range of XA1 according to EN 206. It is unlikely that such low sul-
phate ion concentrations are able to damage hardened concrete
and subsequently only three bridges exposed to low sulphate ion
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Fig. 1. Variation of sulphate ion concentration in a particular river over time (mean
value is indicated by the horizontal line).
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Fig. 2. Number of rivers falling in three categories with different sulphate ion
concentration.

concentrations were examined (structures 1-3). As indicated in
Fig. 2, three small rivers were found to contain a much higher sul-
phate level constantly over the year. Relevant concrete structures
were found on two of these three rivers with medium sulphate
ion concentrations between 1500 and 3000 mg/l. These two
bridges were sampled and analyzed (structures 4 and 5). Both
are located in an area of mining and the high sulphate levels are
due to accidents in the mining sewage systems. Sulphate ion con-
centrations in these rivers are constantly high despite the fact that
mining has been abandoned in the respective areas. It can be as-
sumed that there is a contamination of the river bed itself, and
the release of sulphate and other ions proceeds rather slowly.

Two additional structures exposed to moderate sulphate ion
concentrations, but not considered in Fig. 2, have also been inves-
tigated (structures 6 and 7).

Results of the experimental investigations are reported in detail
in a separate publication [29]. The present paper provides a short
description of all structures, summarized in Table 1 and conclu-
sions drawn from the results.

3.1.1. Structure 1

The foundation of a bridge had been in contact for 13 years with
river water having sulphate ion concentrations of approximately
600 mg/1 (XA1). Avery low compressive strength of 9 MPa was mea-
sured for the concrete and attributed to a high porosity of the mate-
rial (Fig. 3). Apparently, it had not been properly compacted when
the concrete was placed. Attack by sulphate ions and carbon dioxide
on a low quality Portland cement concrete had resulted in carbon-
ation and formation of ettringite. These phase transformations were
observed in an approximately 11 mm surface layer.

3.1.2. Structure 2

A small bridge built using precast concrete elements was
exposed for 16 years to a very low sulphate ion concentration
(400 mg/l, XA1). The material did not show any signs of sulphate
attack such as ettringite formation. A carbonation depth of approx-
imately 3 mm was measured in the Portland cement concrete
(45 MPa).

3.1.3. Structure 3

A very small river in an area with gypsum soils was found to
have high variation in sulphate ion concentration depending on
the rainfall in the particular region (XA2). The river runs through
a water channel under a bridge when crossing a road. Concrete
made from Portland cement with coal fly ash (28 MPa) showed se-
vere micro-cracking, ettringite formation and carbonation in the
first 3 mm. Minor micro-cracking and reduced phase transforma-
tion was evident between 3 and 10 mm depth.

None of the three bridges exposed to low sulphate ion concen-
trations showed serious signs of sulphate attack.

Other structures exposed to sulphate ion concentrations be-
tween 1000 and 2500 mg/1 showed signs of deterioration depend-
ing on the application of a surface protection system and
combination with frost attack.

3.1.4. Structure 4

The foundation of a river bridge had been in contact with sul-
phate containing water (2000 mg/l) for a period of 12 years
(XA2). A high strength (>70 MPa) was measured below the surface
of the concrete that was affected by micro-cracking due to the for-
mation of ettringite, thaumasite, gypsum, and Friedel’s salt (Fig. 4).
Deterioration was found to be intense in the first 10 mm, whereas
only minor phase transformations were present in a depth be-
tween 10 and 20 mm. The concrete had been produced from Port-
land cement with a small amount of coal fly ash.

3.1.5. Structure 5

Exposed for approximately 35 years to a slightly higher sulphate
ion concentration (2500 mg/l, XA2) than structure 4, virtually no sul-
phate related deterioration was evident in a concrete from slag ce-
ment (CEM III). The concrete of a bridge foundation (68 MPa) was
protected by a bituminous coating that showed only minor signs of
delamination. Formation of ettringite in pores, voids and the micro-
structure itself had led to micro-cracking (up to 30 um) in the first
4 mm. Minor deterioration was evident between 4 and 7 mm. The
carbonation depth was highly variable, locally up to 10 mm.

3.1.6. Structure 6

A deep underground mine for the exploitation of iron ore and
pyrite was subjected to water penetration from the surrounding
rock. This water is highly aggressive due to the oxidation of pyrite
still present in the mine. It is subducted and processed in order to
prevent contact with rivers and poisoning of their fauna. The
ground slab of a mining waste water processing basin was in poor
condition after exposure to sulphate attack for 25 years. Damaged
concrete was removed and a protective coating applied. This 3-
4 cm thick layer of slag cement mortar (CEM III) showed only min-
or signs of attack after 15 years of contact with water of moderate
sulphate ion concentration (up to 1000 mg/l, XA2). Approximately
5 mm of the mortar was damaged by ettringite formation, exces-
sive micro-cracking (Fig. 5), and carbonation. The core of the mate-
rial and the ground slab itself were in good condition (43 MPa).
However, upper parts of the basin walls were exposed to frost—
thaw-cycles and seriously damaged by this form of attack. Thaum-
asite was identified in samples from the deteriorated concrete.

3.1.7. Structure 7

A small water reservoir for irrigation purpose had been erected
in a soil containing a high amount of gypsum. Dissolution of gyp-
sum led to sulphate concentrations of approximately 1000 mg/l
in the water thus attacking the concrete of the dam and the
abstraction channel (XA2). The 33 year old slag cement concrete
(CEM III) in the outflow channel was protected by a 7 cm floor
screed against the combined attack by frost, sulphates and water
abrasion. About 1 cm of the screed mortar was already lost and
2 cm were seriously affected by phase transformation (ettringite,
thaumasite, calcite, ASR gel) and micro-cracking. The concrete of
the walls and the underlying floor was protected by a bituminous
coating and thus not affected (81 MPa).

3.2. Elevated sulphate ion concentrations in mobile water at reduced
pH

Colliery spoil from lignite mining may contain sulphides such as
pyrite. Some of the open pits have been flooded after exploitation
and a number of small and medium sized lakes exist now in
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Table 1
Summary of all experimental investigations including concrete mix details where available (structures appearing in bold exhibited serious damage due to sulphate exposure).
No. Description Age Cement w/c Specified 28-day Exposition Observation
(years) strength (MPa)
Elevated sulphate concentration in mobile water
1  Road bridge Kolleda 13 CEM I 0.48 25 50[2{ =06g/l Low strength, high porosity, not
compacted
2 Road bridge Buttstedt 16 CEM I No data 35 5012{ =04g/l High strength, sulphate attack not
available confirmed
3 Road bridge 15 CEM [ + coal fly ash No data No data 50‘2‘* =08g/l High porosity, phase transformations
Wickerode available available up to 1 cm
4  Road bridge Gera 1 12 310 kg/m? CEM 0.50 25 5012{ =20g/1 High strength, phase transformations
I+40 kg/m? coal fly ash up to 2 cm
5 Road bridge Gera 2 35 CEM III No data No data 5012{ =25g/ High strength, bituminous coating, phase
available available transformations up to 1 cm
6  Concrete basin 15 CEM III No data No data 5012{ =1.0g/l Phase transformations up to 1 cm,
Elbingerode available available deterioration when exposed to frost
7  Outflow channel 33 450 kg/m® CEM 1II 0.44 22.5 S02" =1.0g/1 1 cm already lost, phase transformations
Dachwig in further 2 cm
Elevated sulphate concentration in mobile water at reduced pH
8  Water channel 3 350 kg/m> CEM 0.48 37 S02- =1.0g/1 High strength, phase transformations
Cospuden III + coal fly ash pH = neutral up to 0.5 cm
9  Bridge Barbarakanal 6 360 kg/m> CEM 1 0.48 35 S02- =03g/l High strength, acid attack, phase
pH=4.0 transformations
10  Concrete basin 2 390 kg/m> CEM 0.45 45 50[2{ =04g/l High strength, acid attack, phase
Restloch 29 11 + 30 kg/m? coal fly ash pH=33 transformations
Concrete in contact with concentrated salt brines
11  Sewage manhole 6 CEM I (SRPC) No data No data S02~ =14¢g/lin low strength, concrete completely
Menteroda available available brine deteriorated
12 Concrete basin 7 CEM III + coal fly ash No data 35 S0 =74g/l high strength, phase transformations up
Bischofferode available in brine to 2 cm, chloride attack
Concrete in gypsum containing soil
13 Bridge Rottleberode 47 CEM III No data No data S02~ =3 g/kg Concrete destruction not due to sulphate
available available (soil) attack, phase transformations up to 1 cm
14  Radio mast 10 CEM III + coal fly ash No data 25 S02~ =3 g/kg High strength, phase transformations
Vogelsberg available (soil) up to 2 mm
15  Power transmission 44 CEM I No data No data No sulphate Low strength, carbonation
line Nordhausen available available attack
16  Soil stabilization 1 CEM I + Lime - - 15% gypsum in Formation of ettringite and thaumasite,
Leinefelde claystone up to 15-25 cm expansion
Concrete in contact with soil and rock containing sulphides
17  Tunnel Lossau 30 CEM II, CEM III No data 225 $27=0.1wt.% CEM II shotcrete disintegrated in some
available spots, minor problems with CEM III
concrete
18  Tunnel Leibis/Lichte 10 350 kg/m> CEM 1 0.50 25 Pyrite in rock Shotcrete completely disintegrated in
some spots
19  Tunnel Breiten- 42 300 kg/m® CEM I, CEM Ill  0.50 225 $2-=0.1wt% CEM I shotcrete disintegrated, CEM III
bachtalsperre shotcrete unaffected
20 Water channel 2-4 CEM I (SRPC) No data No data Up to 6 wt.% Shotcrete completely disintegrated in
available available pyrite some spots

regions of lignite mining. Oxidation of sulphides is able to generate
high sulphate ion concentrations and low pH-values in the lake
water. Three structures exposed to different conditions have been
tested. Despite their relative youth (2-6 years), serious deteriora-
tion due to acid attack was evident at low pH. All three sites are lo-
cated outside the core region considered in this study.

3.2.1. Structure 8

The ground slab of a water channel made from slag cement (CEM
II) did not show any visual signs of deterioration after being exposed
to sulphate attack for a period of three years. A sulphate ion concen-
tration of 900 mg/l and a neutral pH (6.9) have been found by chem-
ical analysis (XA2). Approximately 5 mm of the dense, good quality
concrete (48 MPa) were affected by carbonation, ettringite forma-

tion and micro-cracking. There was no significant deterioration or
phase transformation below this surface layer.

3.2.2. Structure 9

Evidence for acid attack was found on the supporting wall of a 6 year
old bridge exposed to pH = 4.0 and SO2~ = 350 mg/l (>XA3). Dissolu-
tion of the hardened cement paste up to a depth of 5 mm resulted in
exposure of aggregate particles. Formation of ettringite was evident in
the matrix below the dissolved layer. The core of the Portland cement
concrete was unaffected and maintains a high strength (55 MPa).

3.2.3. Structure 10
Contaminated water (pH = 3.3, SO3~ = 350 mg/l, >XA3) is trans-
ported via pressure pipes. It is pumped from a small concrete basin
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Fig. 3. SEM micrograph indicating the formation of calcium carbonate in the pores
of a low quality, low strength Portland cement concrete (structure 1).

Fig. 4. Secondary phases in a circular void detected by light microscopy in a
concrete exposed to SO?,’ = 2000 mg/1 for 12 years (structure 4).

made using slag cement (CEM III) and a small amount of coal fly
ash. Dissolution of hardened cement paste, formation of ettringite
and hematite were detected after 2 years of acid and sulphate at-
tack. A 6 mm surface layer of the high quality concrete (43 MPa)
showed signs of deterioration after this relatively short period of
time.

3.3. Concrete in contact with concentrated salt brines

Underground salt mining for the production of fertilizer started
at the end of the 19th century in the region of investigation, but
hardly any mine is currently being exploited. However, spoil piles
with dimensions up to 100 Mio. t are still present at the abandoned
exploitation sites. The spoil consists mainly of alkali and earth al-
kali chlorides and sulphates. Rain water penetrating the mining
waste dumps dissolves these salts, and ionic concentrations of
100-300 g salt/l can be found that also include very high sulphate
ion concentrations. A contact of these brines with river and ground

388pn

Reparaturmortel 3,5mm RE (8,1k)

Fig. 5. Massive formation of micro-cracks in a 5 mm surface layer of a mortar
exposed to moderate sulphate attack for 15 years (structure 6).

water is prevented by collecting the aggressive salt brines in drain-
age systems and transporting them back to the mines. Parts of the
drainage and transport systems have been made from concrete.

3.3.1. Structure 11

The ground slab of a sewage manhole made from sulphate-
resisting Portland cement (SRPC) was seriously damaged after
6 years contact with a highly concentrated salt brine (>XA3).
Chemical reactions of the hardened cement paste with chloride
(163,000 mg/1), sulphate (14,000 mg/1), and magnesium (660 mg/
1) ions resulted in the formation of gypsum, thaumasite and brucite
(Fig. 6). These phase transformations were accompanied by salt
crystallisation (halite), carbonation, formation of massive cracks

Menteroda 3u RE (8,85k) 388pn
Fig. 6. Transformation of the cementitious matrix in secondary phases upon
contact of concrete with a concentrated brine (structure 11).
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and strength loss (14 MPa). Considering the high degree of salt
contamination of the concrete, it can be assumed that the material
had already been penetrated by salt solution during construction.

3.3.2. Structure 12

A concrete basin for the collection and storage of salt brine
(C1~ =93,000 mg/l, SO2~ = 7,400 mg/l, Mg** = 1,700 mg/l, >XA3)
was inspected after being in service for a period of 7 years. The slag
cement concrete (CEM III) with a strength of approximately 70 MPa
was in good condition according to visual and microscopic examina-
tion. A 20 mm surface layer showed minor phase transformation
including formation of calcite, magnesium silicate hydrate, Friedel’s
salt and ettringite. However, a high chloride concentration has been
observed and it can be expected that chloride induced reinforce-
ment corrosion will shorten the service life of the concrete.

3.4. Concrete in gypsum containing soil

The investigated region is rich in gypsum sediments deposited
in Zechstein and Triassic. A schematic map indicates the distribu-
tion of gypsum/anhydrite deposits and gypsum containing soils
(Fig. 7). Some of these areas have been explored in order to find
concrete structures that are in direct contact with gypsum. It has
been proven difficult to identify such structures, as most areas
marked grey in Fig. 7 are low in population with a limited number
of buildings and structures. However, foundations of a bridge, a
radio mast, and a high voltage transmission line have been selected
and tested (structures 13-15).

A different kind of interaction takes place when gypsum con-
taining soil is stabilized by cement-lime binders. Gypsum and clay
minerals from the soil are able to react with calcium hydroxide and
C-S-H supplied by the hydrating binder. The formation of ettring-
ite and thaumasite by this reaction led to serious heave of a motor
highway (structure 16).

3.4.1. Structure 13

A small bridge in a plaster production plant has been investigated
after 47 years of service. Foundations and supporting walls of the
bridge are in contact with river water and gypsum dust from the pro-
duction and transport processes in the plant (XA1). One of the sup-
porting walls showed serious cracks and a low strength (21 MPa).
This has been attributed to a low concrete quality during production
because ettringite formation, carbonation and micro-cracking were
restricted to a 10 mm surface layer. The opposite wall had been

0 50 km

Fig. 7. Schematic map indicating areas (shaded grey) in the core region with soils
that potentially contain gypsum.

produced using a concrete with a higher quality. Subsequently, a
higher strength (38 MPa) and no macro-cracks were found in this
wall. Slag cement (CEM III) was identified in both concretes.

3.4.2. Structure 14

A high quality concrete of the foundation of a radio mast did not
show any signs of damage. A high strength (84 MPa) and the absence
of micro-cracks, carbonation and ettringite formation below a 2 mm
surface layer were attributed to the fact that the site was relatively
dry. Contact with gypsum containing soil for 10 years (XA1) in the
absence of water was not able to induce sulphate attack in the con-
crete made from slag cement under addition of coal fly ash.

3.4.3. Structure 15

The foundation of a steel tower of a high voltage transmission
line has been tested. Despite indications from geological informa-
tion that the concrete is situated in a gypsum containing soil, no
sulphate has been detected when analyzing the soil (XA0). The
approximately 45 year old Portland cement concrete was of low
quality (14 MPa) but did not suffer from sulphate related phase
transformation.

3.4.4. Structure 16

Soil stabilization had been carried out when building a new high-
way in a gypsum rich area. A reinforced concrete slab (30 cm) was
placed between stabilized soil and bituminous pavement in order
to prevent deformations such as settlement and sinkhole formation
related to washing out of gypsum from the soil. Settlement has not
been observed but serious expansion (up to 15 cm after 1 year, up
to 25 cm after 2 years). The claystone containing approximately
15 wt% gypsum had reacted with the cement-lime binder to
ettringite (up to 6 wt.%) and thaumasite (up to 13 wt.%) in spots
where a high amount of water was available. Similar processes have
been observed when recycled concrete waste containing gypsum is
used for road subbases [14,30-33], after application of gypsum-lime
plasters in cold and wet conditions [5], during restoration of gypsum
masonry with cement, and in other incidents where gypsum and ce-
ment are intensively intermixed.

3.5. Concrete in contact with soil and rock containing sulphides

Damage of concrete due to oxidising sulphides has been widely
reported [5,8,13,19,23]. Oxidation of pyrite, markasite, pyrrhotite
and other minerals liberates sulphate ions initiating sulphate at-
tack that is accelerated by a combination with acid attack. A few
small mountains are located in the investigated region with rock
containing sulphide in some sites whereas sulphides are not abun-
dant in soils. Four tunnel linings have been selected for sampling,
one of these is located outside the investigated region.

3.5.1. Structure 17

A tunnel for water transport had been constructed by using shot-
crete for the ceiling and the upper parts of the walls, whereas mixed-
in-place concrete was used for the lower parts of the walls. The shot-
crete was found to be seriously affected after 30 years service. Pyrite
oxidation had led to sulphate attack on the 3-10 cm thick concrete
layer. Combination with carbonation caused the transformation of
all cementitious phases into calcite, gypsum and thaumasite. The
concrete had lost adhesion to the rock and had fallen apart in some
spots. The lower parts of the walls had been constructed using
mixed-in-place concrete (20-30 cm). Diffusion of oxygen through
this slag cement (CEM III) walls was restricted, due to better
quality and higher thickness of the concrete. Thus only a reduced
amount of sulphuric acid had been liberated by pyrite oxidation.
Approximately 1-3 cm of the concrete was affected by minor
micro-cracking and ettringite formation.
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3.5.2. Structure 18

Slate containing a high amount of pyrite had led to total disin-
tegration of a Portland cement shotcrete tunnel lining in some
sites. After 10 years of service, the soft concrete mud consisted
mainly of thaumasite and calcite. Phase transformation and soften-
ing started at the concrete-rock interface.

3.5.3. Structure 19

A tunnel in another region was in contact with rock having a
sulphide concentration of approximately 0.1 wt.%. Reinforced con-
crete had been applied in two layers using different cement types.
A Portland cement concrete was in direct contact to the rock but
had completely disintegrated in places with high water migration.
The water had even washed most of the cement phases away leav-
ing an empty shell filled with the concrete aggregates. The second
concrete layer was made from slag cement. It had no direct contact
to the aggressive rock and showed superior performance.

3.5.4. Structure 20

Local damages in the shotcrete lining of an underground water
channel were visible after only 3 years. The 10-40 cm thick Port-
land cement concrete had been directly applied on a rock with
up to 6 wt.% pyrite. Oxidation of pyrite led to the formation of
thaumasite, ettringite, gypsum and brucite in the concrete
(Fig. 8). The extent of damage proved to be a function of nature
of aggregate, thickness of concrete, pyrite concentration in the
rock, access of water, and application of rock anchors. A number
of different Portland cements also including sulphate-resisting
Portland cement had been applied, all being sensitive to sulphate
attack.

4. Discussion

Altogether, 20 structures have been sampled and analyzed. Con-
sidering this data and information on the distribution of sulphate
related exposition sites allows a discussion of the performance of
concrete exposed to sulphate attack under field conditions.

GD1-2, Ettringit (8,4k) 38pn

Fig. 8. Massive deposits of ettringite in shotcrete applied to a rock containing a high
amount of pyrite (structure 20).

Six out of 20 structures (bold in Table 1) showed serious dam-
age and demand immediate repair (11, 16-20). Most of them
showed disintegration due to TSA (16-20). Thaumasite formation
(TF) was identified in samples 1, 3, 4, 7, 11, and 14.

The development of concretes with only minor damage was
estimated. Data referring to age of the structure and corroded sur-
face layer has been used to estimate the thickness of the deterio-
rated zone after an assumed life-time of 100 years [29]. These
computations rely on a simple root-time-law. Most concretes con-
tain steel reinforcement which is likely to corrode if the concrete
cover is seriously affected by sulphate attack. It has been assumed
that concrete structures will be damaged if the computed thick-
ness of the damaged surface layer is higher than 5 cm, which is a
suggested concrete cover for reinforcement in hydraulic engineer-
ing structures in Germany. Evaluation of the results indicates that
most structures will not show structural damages within their life-
time (1-3, 5-10, 13-15). It is expected that in two concretes the
corroded or chloride penetrated layer will be thicker than 5 cm
after 100 years (4, 12). However, the method of extrapolation is lia-
ble to show deviations from the true behaviour. It can be derived
that structures 4 and 12 should be controlled again in order to
avoid reinforcement corrosion.

The classical concept of sulphate attack suggesting that ions
naturally present in unpolluted river or ground water are able to
migrate into concrete and may cause phase transformation and
damage has not been validated in this study. Only negligible sul-
phate ion concentrations have been found in uncontaminated riv-
ers. However, anthropogenic activities had occasionally led to an
increase of sulphate ion concentration in some small rivers. Con-
crete exposed to such rivers showed minor damages at the micro-
scopic level such as phase transformation and micro-cracking in
the first mm and cm (structures 1-7). Only one of these structures
may exhibit significant signs of damage if the attack is not con-
trolled by additional measures (structure 4).

Similar results have been obtained for soils containing gypsum.
Only a limited number of exposed buildings have been identified
with marginal consequences such as carbonation, micro-cracking
and ettringite formation (structures 13-15). However, the pres-
ence of gypsum is able to impair the durability of stabilized soils,
road subbases from recycled concrete and other construction ele-
ments where hydrated cement phases are in close contact with
gypsum (structure 16).

Serious damage requiring renovation has been identified in
cases where hardened concrete was in direct contact with rock
containing sulphides such as pyrite (structures 17-20). This behav-
iour has been reported before for sulphide bearing soils and rocks.

Concentrated brines from industrial and mining processes con-
taining high sulphate ion concentrations may affect the perfor-
mance of concrete. Beside the formation of ettringite, thaumasite,
Friedel’s salt and gypsum, chloride induced reinforcement corro-
sion is potentially able to shorten the expected lifetime of the
structure.

A discussion of the impact of cement type on performance is
difficult because the structures were widely varying with respect
to environment, concrete quality and age. 10 concretes out of 22
have been produced using slag cement. No serious damage has
been detected after exposure to sulphate attack under field condi-
tions. Portland cement and blended cements have been identified
in 12 concretes in some instances as SRPC in others in combination
with coal fly ash. All damages reported in this study were encoun-
tered with these cements which indicates a lower resistance to sul-
phate attack. However, it has to be kept in mind that Portland
cements have been used in very aggressive environments such as
sulphide bearing rock. The selection of cement type plays only a
secondary role when compared to the impact of the environment.
Portland limestone cement has not been identified in the concretes
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under investigation and subsequently no conclusions about its per-
formance under field conditions can be drawn from the present
study.

It has been found even more difficult to access the impact of
concrete quality on durability because the structures in this survey
were much different with respect to age, exposure, and quality.

5. Conclusions

The following conclusions were drawn from a survey of sul-
phate related expositions and the performance of concrete in these
conditions:

o It is confirmed that sulphate attack on concrete is a phenome-
non that can potentially lead to failure of this material within
a relatively short period of time.

e The number of damaged structures is very low. Most often, it is
related to a contact of concrete with soil or rock containing sul-
phide. Also, a close contact with gypsum may lead to failure.
These exposition types are not regularly implemented in stan-
dards and guidelines for the production of concrete.

e TSA has been observed in most of the seriously damaged struc-

tures. The expansion induced by the formation of ettringite has

damaged one structure (stabilization of gypsum containing soil
with cement).

Contact with sulphate containing river or ground water is rarely

observed and the corrosion reactions are restricted to a surface

layer. The absence of serious deterioration under these condi-
tions may be due to the fact that such environments are consid-
ered in most standards.

Sulphate attack is accelerated by low pH values in the water due

to a combination with leaching induced by acid attack.

e The data obtained in this study tends to confirm conclusions
that blast furnace slag cement performs better in sulphate rich
environments than Portland cement.
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