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The concrete lining of a vertical ventilation shaft exposed to sulfate-bearing groundwater for 45 years
was investigated. The concrete was characterized at several sites with different degrees of damage. Apart
from strength measurements, optical and electron microscopy were the main tools used to assess the
degree of damage and alteration of the concrete. The occurrence of damage appears to be related to
the availability of sulfate-bearing groundwater on one side and the presence of poor-quality concrete
on the other side. Most of the damage in the form of severe spalling is caused by ettringite formation.
The impact of thaumasite formation with disintegration of the cement paste seems to be minor as it
occurs after the concrete is already severely damaged. The mineral assemblages and the sequence of min-
eral formation caused by sulfate attack agree with the findings of laboratory studies and thermodynamic

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The interaction between concrete and sulfates in groundwater
leads to a degradation of the intrinsic concrete properties. This pro-
cess is commonly referred to as external sulfate attack and is a
widely studied subject in cement and concrete research (e.g. [1-
7]). However, the majority of the studies have been conducted on
cement paste, mortar or concrete produced and exposed to sulfate
in a laboratory environment. There are relatively few case studies
that provide detailed information about the microstructural and
chemical changes taking place in field concrete during external sul-
fate attack (e.g. [8-12]). Such information is essential to classify
the significance of the results obtained in laboratory studies. As
the main goal remains the production of sulfate-resistant concrete
in real structures and not in a laboratory environment, the relation
between mechanisms occurring in both has to be established.

Interaction between concrete and sulfate-containing ground-
water is a common phenomenon in Swiss tunnels [11,13,14].
Sulfate-related damage with the formation of ettringite and
thaumasite usually occurs in combination with leaching.

In this study, a 45 years old concrete in a vertical ventilation
shaft exposed to groundwater containing sulfate was investigated.
The concrete was produced using a low C3A-cement and aggre-
gates containing calcite. The shaft has to be accessible to control
ventilation equipment installed in a recess at its bottom. Concrete
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deterioration led to loosening of the anchors of the elevator and
severe spalling poses a constant danger during utilisation of the
open elevator.

The object of this study is a detailed description of the micro-
structural characteristics induced on the concrete lining by sulfate
attack and a clarification of the mechanisms leading to the damage.
Cores of intact and damaged areas were taken. Compressive
strength and total porosity were measured. Furthermore, micro-
structure and chemical composition were analysed using optical
and electron microscopy.

2. Site description, materials and methods
2.1. Site description and materials

Three vertical shafts are used to ventilate the 3.2 km long tun-
nel of a motorway. Tunnel and shafts were built between 1963
and 1966. The shafts cut through sedimentary rocks and are acces-
sible with an open elevator. One shaft shows severe deterioration
of the concrete lining. It has a diameter of 6.0 m and is 72 m deep.
Gypsum and anhydrite are constituents present in the surrounding
sedimentary rock formations from a depth of 8 to 48 m. They
alternate with limestone, dolomite and shales. The lining of
ready-mixed concrete has a thickness of 15-50 cm. The variability
of concrete thickness is due to the surface roughness of the rock
surface. Partial spalling of the concrete surface starts at a depth
of 12 m and continues down to the bottom of the shaft at 72 m.
The concrete spalls parallel to its surface. The area of damaged
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concrete in the shaft reaches a maximum between a depth of 17
and 44 m with about 10-30% of the surface spalled (Fig. 1). There
is a concentration of damage between cold joints of different con-
crete pours. Additionally, there are some spots with a high degree
of damage often exposing the underlying rock face. The groundwa-
ter penetrates the concrete lining at these weak spots and reaches

Fig. 1. Concrete with spalling at a depth of 26-29 m. At the top of the image the
horizontal border between two batches of concrete can be seen. On the right-hand
side of the letter “A” the rock surface is exposed.
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the inner surface, where it can run downwards along the concrete
surface (Fig. 2; see Section 5.2).

At certain points, pipes (diameter of 20 mm) drain the water
from the contact rock-concrete. The date of installation of these
pipes is unknown. At the time of this investigation, the pipes were
partly covered with mineral precipitations consisting of calcite and
aragonite. Samples of the drained water were taken at five points
and analysed.

Cores with a diameter of 50 mm of intact and severely damaged
concrete were taken at three different depths (Table 1). At each
depth, at least one coring site was placed in a area with severe
damage and one in an area with no or little damage. The depth
of the coring site is included in its name. As an example, the cores
taken at site 27B are shown in Fig. 3.

The cement plant that produced the cement used for the con-
crete is not in operation any more. The data of the cement were ob-
tained from the archives of the cement producer. According to
these data, the cement used for concrete production was a low
CsA-type Portland cement (Table 2). According to the information
in the archives, the C3A-content was 1.9-2.1 mass%. However, a
Bogue calculation with the cement composition given in Table 2
indicates no CsA at all due to the high iron content. In any case,
even if the CzA-content is not exactly known, the cement can be
regarded as a low C;A-type. Well-rounded alluvial gravel consist-
ing of limestone, sandstone and igneous rocks with a grain size
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Fig. 2. Tunnel and vertical ventilation shaft with the coring sites (left); situation in the shaft with the outer surface of the concrete lining in contact with rock face/

groundwater and the inner surface exposed to air.

Table 1
Coring sites.

Name Depth (m) Visual assessment of coring site

Number of cores

Description of cores

27A, 27B 27 Extended spalling of concrete surface

27C 27 No damage visible on surface

42A 42 Locally spalled concrete surface

42B 42 No damage visible on surface

57A 57 Extended spalling of concrete surface
57B 57 No damage visible on surface

13 (I1=15-24 cm)
4 (1=20-30cm)
5(1=13-31cm)
4 (1=29-31cm)
5(1=33-44 cm)

5 (1=25-49 cm)

2-4 cracks per core perpendicular to length axis (Fig. 3), white/yellow
layer (2-20 mm) at contact to rock face

0-1 cracks per core perpendicular to length axis, white/yellow layer
(1-2 mm) at contact to rock face

1-4 cracks per core perpendicular to length axis, white/yellow layer
(2-20 mm) at contact to rock face

2-3 cracks per core perpendicular to length axis (close to rock face),
white/yellow layer (1-5 mm) at contact to rock face

1-2 cracks per core perpendicular to length axis, no white/yellow layer
at contact to rock face

0-1 cracks per core perpendicular to length axis, white/yellow layer
(~1 mm) at contact to rock face
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distribution of 0-32 mm was used as aggregates. The calcite con-
tent of the aggregates determined using thermogravimetry analy-
sis was 7 mass¥%.

The concrete composition was assessed by taking into account
compressive strength, pore volume and local habits of concrete
production. Its cement content might have been 300-330 kg/m>
and its water-to-cement ratio (w/c) 0.55-0.65.

2.2. Methods

The ions dissolved in the water samples were analysed with ion
chromatography (IC) and pH was measured using a pH electrode.

The diameter of the cores was 50 mm. Their compressive
strength was tested according to European standard EN 12504-1.
Water content of saturated samples was determined by immersing
five samples per core in water for 5 days. The mass difference be-
tween the end of immersion and drying at 110 °C for 2 days was
used to determine the volume of the water-filled pores.

Samples for microstructural analysis were prepared from the
cores. The samples were dried in an oven at 50 °C for 3 days and
impregnated with epoxy resin. The impregnation of the samples
enhances the strength of the cement paste allowing production
of the thin sections and polishing. From each coring site, one sam-
ple was prepared for the optical microscope and one for the ESEM.
For the optical microscopy (Zeiss Axioplan), thin sections (width
~50 mm, length ~95 mm, thickness ~25 pum) were prepared. For
investigation with an environmental scanning electron microscope
(ESEM-FEG XL30), the samples were polished, carbon coated and
studied in the high vacuum mode (2.0-6.0 x 10~° Torr) with an
accelerating voltage of 15 kV and a beam current of 130-160 pA.
The chemical composition of the concrete was determined with

27B | v

Fig. 3. Cores taken at coring site 27B. On the left side, the concrete is exposed to air.
On the right is the contact to the rock face.

energy-dispersive X-ray spectroscopy (EDX). An EDAX 194 UTW
detector, a Philips digital controller and Genesis Spectrum Soft-
ware (Version 4.6.1) with ZAF corrections were used. The optical
microscopy was used to get an overview of altered and unaltered
zones, before using the ESEM for a more detailed investigation.
The points analysed with EDX (100 points per analysed area or
depth in the SOs- and Ca/Si-profiles on average) were chosen ran-
domly in a selected area of about 0.5 mm?. An exception was the
analysis used to compare the composition of inner and outer prod-
uct; in this case about one half of the points were placed in each of
them. “Inner product” defines the hydration products formed with-
in the boundaries of the original cement clinker grain. The rest of
the cement paste is defined as “outer product”. When the electron
beam meets the polished surface of the concrete sample, it inter-
acts with a certain volume of the material. The diameter of this
interaction volume is in the range of 1-3 um with the settings de-
scribed above [15]. The backscattered electrons detected by the
back-scattering detector and the X-rays detected by the EDX detec-
tor are generated within this volume. As the size of specific miner-
als like ettringite or monosulfate is smaller than the interaction
volume, the composition derived from EDX point analysis usually
represents the composition of mineral assemblages and not of pure
phases. However, when plots with ratios of different atoms like the
Al/Ca-S/Ca-plot are used, the presence of specific minerals (in this
case C-S-H, portlandite, thaumasite, ettringite, monosulfate,
monocarbonate/hydrogarnet) can still be shown. As monocarbon-
ate and hydrogarnet are both located on the Al/Ca-axis (at 0.50
and 0.68 respectively), they cannot be distinguished and only
monocarbonate is shown in the plots to simplify them. When for
example mainly C-S-H and some ettringite are present in the vol-
ume excited with a single point analysis, the composition in the Al/
Ca-S/Ca-plot will be located between the pure phases but closer to
C-S-H than ettringite. Consequently, points being located between
the compositions of two pure phases indicate the presence of both.
In reality, even more than two phases can be present in an ana-
lysed volume. As an example, there are points in Fig. 14 located be-
tween the line C-S-H/ettringite and thaumasite indicating the
presence of these three hydrates. This approach is well established
for the interpretation of point analyses of cement paste (e.g. [16-
18]).

3. Concrete properties

In areas without visual damage of the concrete, the mean values
of compressive strength vary between 42.9 and 58.0 MPa (Table 3).
There is no difference in compressive strength between the outer
surface of the concrete lining in contact with the rock face and

Table 2
Composition of the Portland cement (LOI = loss on ignition) and content of the main clinker phases according to Bogue calculation.
Type CaO (%) SiO, (%) AlO03 (%) Fey03 (%) MgO (%) KO (%) NayO (%) SOs3(%) Insoluble (%) LOI(%) C3S(%) GCoS(%) C3A(%) Cu(AF) (%)
CEMIHS 62.80 19.90 3.69 6.96 1.15 0.69 0.07 227 0.92 1.56 57.8 135 0.0 19.6
Table 3

Compressive strength and water content of concrete taken from sites without visual damage on the surface (out = surface in contact with rock, in = inner surface). “Mean in/out”

is the average of three cores.

Site (m) 27C 42B 57B

Location Out In Out In Out In
Compressive strength (MPa)

Mean out/in 498+7.8 49.0+6.5 56.1+3.6 58.0+2.7 47.2+73 429+44
Mean core 49.4 57.1 451

Water content of saturated samples (vol.%)

Mean core 13.2 15.9 15.9
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Table 4

Compressive strength of concrete taken from sites with visual damage on surface. “Mean in/out” is the average of 2-4 cores.
Site (m) 27A 27B 42A 57A
Core Out In Out In Out In Out In
Compressive strength (MPa)
Mean out/in - 40.0£5.9 43.8+9.8 39.4+43 475+23 51.4+4.7 43.7£13.1 50.0+7.8
Mean core 40.0 41.6 49.5 46.9

the inner surface of the concrete lining exposed to air and pene-
trating groundwater. The water content of the concrete from cor-
ing site 27C is slightly lower compared to the one from the
coring sites 42B and 57B.

In areas with visual damage of the concrete, the mean values of
compressive strength vary between 39.4 and 51.4 MPa (Table 4).
There is no systematic change of compressive strength with depth.
However, some sections could not be tested as they were damaged
by cracks or the concrete fell apart during sample preparation.
Especially, the white/yellow layer along the rock face was so soft
that it could be easily taken apart by hand.

The differences in strength between the coring sites with dam-
age at the inner surface and coring sites without such damage is
relatively small, showing a difference of only 6 MPa. There are
two explanations for this finding. Firstly, some samples of the sites
with damage could not be tested due to cracks. Secondly, the dam-
age is limited to a relatively small area along the rock face and the
inner surface of the concrete lining. Generally, the standard devia-
tion in the areas with visual damage is slightly higher than in the
areas without visual damage.

4. Water analysis

The average sulfate concentration is about 2000 mg/l with a
maximum at a depth of 48 m with 4230 mg/I (Table 5). The dom-
inating cation in the groundwater is calcium with minor amounts
of potassium and sodium. In a mineral water, which is bottled in a
nearby spring, similar sulfate and somewhat higher calcium con-
centrations have been reported. Also, significant magnesium con-
centrations have been measured for the mineral water.

While the composition of the water interacting with the con-
crete can be determined, there is no information about water flow.
It can be expected that water flow varies depending on the mete-
orological conditions.

The sulfate content of the groundwater with values up to 4 g/l is
substantial. However, the concentration is far lower than that in
typical accelerated laboratory tests, where concentrations of 30-
50 g/I are used (e.g. [19-21]). In the water samples collected, mag-
nesium was not measured. As dolostone is present in the rocks
around the shaft, the groundwater has to contain some magne-
sium. Consequently, it is likely that the concrete is exposed to a
combined sodium/magnesium sulfate attack.

5. Sulfate ingress
5.1. Contact between concrete lining and rock face

5.1.1. Optical microscopy

At a distance larger than 40 mm from the rock face, no altera-
tions of the cement paste are visible. Ettringite is occasionally ob-
served in small amounts in air voids, sometimes together with
portlandite. Approaching the rock face, a few air voids are filled
with thaumasite. Sometimes, a depletion of portlandite and cal-
cium carbonate in the cement paste directly surrounding such an
air void is observed (Fig. 4). With decreasing distance to the rock
face, the paste starts to be altered to thaumasite. The thaumasite

forms veins containing residual clinker running parallel to the rock
face. The paste between the veins not altered to thaumasite con-
tains no portlandite detectable with the optical microscope.
Thaumasite is the dominating mineral in the paste at a distance
to the rock face of 2 mm (57B)-25 mm (27B). Often nearly the en-
tire paste is transformed to thaumasite (Fig. 5). At all coring sites
except 57A, this severely altered zone is present. It corresponds
to the white/yellow layer already identified visually (Table 1). No
cracks are present in the altered zone.

5.1.2. Esem

A sample of coring site 27B was chosen to investigate the com-
position of the cement paste in detail. EDX analysis was performed
in steps of 7 mm starting at a distance to the rock face of 72 mm.

When the rock face is approached, the SOs-content stays below
4 mass% from a depth of 72-44 mm (Fig. 6). This value is about
1.5 mass¥% higher than the original SO3-content of the cement (Ta-
ble 2). Apart from C-S-H and portlandite, both ettringite and
monosulfate are present. Approaching the rock face, SOs-content
increases and reaches a value of about 13 mass% at a depth of
23 mm. Most of the analysed points show the composition of C-
S-H with the presence of portlandite, ettringite and monosulfate.
At the depth of 23 mm, the first alterations of cement paste to
thaumasite occur (Figs. 7 and 8). The mineral forms predominately
along the interface between aggregates and cement paste. Thaum-

Table 5
Composition of groundwater collected in the shaft and composition of the “Eptinger”
mineral water from a nearby spring (n.a. = not analysed).

Depth (m) pH Calcium Magnesium Potassium Sodium  Sulfate

(=) (mgcCafl) (mgMg/l) (mgK/l) (mgNa/l) (mg S04 /1)
12 11.7 180 n.a. 34 6 802
19 74 242 n.a. 55 22 1680
31 7.7 228 n.a. 11 24 1930
34 73 227 n.a. 5 13 1730
48 89 146 n.a. 86 736 4230
“Eptinger” - 510 117 n.a. 4 1445

Fig. 4. Core 42A-IV (distance to rock face: 30 mm). Air void filled with thaumasite
surrounded by cement paste (layer of 200-300 pm) depleted in portlandite and
calcium carbonate. The irregular boundaries of the void indicate first transforma-
tions of cement paste into thaumasite. Image with crossed polarizer and gypsum
plate.
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Fig. 5. Core 42A-1V (distance to rock face: 18 mm). Cement paste of concrete almost
entirely altered to thaumasite at the contact to the rock face. Image with crossed
polarizers and gypsum plate.
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Fig. 6. Profiles of sulfate content, atomic Ca/Si-ratio and relative changes in the
amount of the minerals present in the concrete in contact with the rock face. At A
and B the EDX point analysis shown in Figs. 8 and 9 was conducted.
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Fig. 7. Core 27B-II (distance to rock face: 23 mm). First alteration of cement paste
to thaumasite. EDX point analysis conducted in this frame is shown in Fig. 8.

asite at greater depth forms only rarely in air voids. Increased mag-
nesium concentrations can be observed occasionally along the
edge of the inner product and in the inner product itself (within

A: distance rock face 23 mm, SO; = 13.4
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Fig. 8. Core 27B-II (distance to rock face: 23 mm). EDX point analysis of the cement
paste. Average SO3—content: 13.4 mass%. The location of the analysed area is shown
in Fig. 6 (CSH = calcium-silicate-hydrate, MS = monosulfate, MC = monocarbonate,
E = ettringite, T = thaumasite).

the boundaries of the former clinker grain). In the inner product,
the areas of increased concentrations do not appear as small
patches surrounded by C-S-H as it is typical for periclase, but
the entire inner product shows an increased magnesium
concentration. This phenomenon with increased magnesium level
of the inner product is restricted to relatively small grains
(diameter < 10 pm).

At decreasing distance to the rock face, thaumasite starts to
dominate in the form of veins that are approximately parallel to
the rock face. Residual clinker (C4AF) is present in the thaumasite
veins. Between the veins, there are islands not changed to thaum-
asite yet. In these islands, no portlandite and little C-S-H are left.
The majority of the points analysed lies between the composition
of C-S-H and thaumasite with some ettringite present.

The cement paste closer than 16 mm to the rock face is almost
entirely altered to thaumasite (Fig. 9). Thaumasite forms needles
with a length of about 2-5 pm and a width of 0.2-1.0 pm. Within
this matrix, small areas (diameter of about 10 wm) with higher BSE
contrast occasionally occur. They do not exhibit the needle-like
habitus of thaumasite. EDX analysis shows that they consist of
gypsum. As there is only a little gypsum formation, the mineral
is not detected at the randomly chosen points analysed with EDX
(Fig. 9). Ettringite only occurs around residual clinker, sometimes
together with gypsum (see Section 5.3.1). SO3-content of this zone
ranges between 19 and 24 mass%. Ca/Si-ratio shows no significant
changes with depth, ranging from 2.5 to 3.0 except very close to
the rock face, where a value of 5.4 is reached.

B: distance rock face 2 mm, SO, = 23.6
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Fig. 9. Core 27B-II (distance to rock face: 2 mm). EDX point analysis of the cement
paste. Average SO3-content: 23.6 mass%. The location of the analysed area is shown
in Fig. 6.
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Fig. 10. Limestone containing detritic quartz embedded in a thaumasite matrix
showing voids (black) caused by the dissolution of calcite (Ca = CaCO3, Qz = SiO5).

Fig. 11. Dolostone embedded in a thaumasite matrix showing voids (black) caused
by the dissolution of calcium carbonate leaving a magnesium-rich residue
(Do = CaMg(CO3)y).

There is no sharp transition between concrete and rock but a
transition zone of several millimetres. In this transition zone, the
original rock (limestone, dolomite, anhydrite, shale) is intermixed
with thaumasite and gypsum. No layer with increased magnesium
content occurs.

Close to the rock face, where the cement paste is completely al-
tered to thaumasite, some aggregates show clear signs of dissolu-
tion (Fig. 10). This phenomenon is limited to aggregates
containing carbonates and it does not occur in the parts with only
ettringite formation. In aggregates containing calcite, the calcite is
dissolved entirely leaving voids. The dissolution starts at the edges
of the aggregates and proceeds inward. In the case of dolostone,
the calcium carbonate is dissolved leaving a magnesium-rich prod-
uct as a residue (Fig. 11).

5.1.3. Discussion

Even at the coring sites, where the concrete shows the most se-
vere alteration along the rock face, the zone of the concrete with
increased SOs-content is relatively small and reaches only a few
centimetres. Ca/Si-ratio gives no indication for severe leaching.
On the one hand, the concrete in the humid environment of the
shaft has to be almost saturated. Consequently, sulfate ingress
has to take place mainly by diffusion and not capillary suction,
which slows down the process. As an example, profiles of labora-
tory concrete exposed to sulfate solution (22 g/l Na;SO4, 5 g/l NaCl
and CO,-saturation) show a sulfate ingress by diffusion of only a

few millimetres in 5 years [22]. On the other hand, it is possible
that the flow of groundwater in contact with the concrete was
not constant, depending on the meteorological conditions. Dry
periods with no groundwater flow cannot be excluded. Although
bicarbonates were not analysed, they have to be present in the
groundwater, as it runs through calcite and dolomite. Their pres-
ence can significantly decrease sulfate ingress [23] and further
helps to explain the relatively narrow zone with increased SOs-
content.

The amount of ettringite present in the paste, when the rock
face is approached, increases with increasing sulfate content as
shown by point analysis. This expansive formation of ettringite is
expected to generate stress. But because the concrete along the
rock face is restrained by its pipe form and the adjacent rock, no
spalling can occur.

At a SOs3-concentration above 13 mass%, thaumasite is formed
in the concrete along the rock face. At this concentration, the alu-
minium available has already reacted to ettringite. This agrees
with experimental data and thermodynamic modeling [24-26]
where this point was reached at a concentration of about 16 mass%
using a cement with a higher C3A-content. When air voids are not
considered, the first occurrence of thaumasite generally is ob-
served in the interfacial transition zone (ITZ) between aggregate
and paste. It seems to form in areas of high porosity first. However,
the residual cement clinker (mainly C4AF) in thaumasite veins and
the thaumasite matrix shows that thaumasite is not formed in
cracks. The paste is rather transformed in situ to thaumasite. The
difference in composition between thaumasite and C-S-H, apart
from the sulphur content, is the presence of carbonate in the
thaumasite and the higher calcium content of thaumasite (Ca/Si-
ratio of 3.0 and 1.7 respectively). The carbonate can be derived
from the groundwater, the calcite in the aggregates or both. As
the rocks surrounding the shaft contain calcite and dolomite, car-
bonate is present in the groundwater. However, the dissolution
features observed in some aggregates clearly show that they are
a source for carbonate as well. Moreover, the paste surrounding
an air void filled with thaumasite (Fig. 4) not only shows an ab-
sence of calcite but an absence of portlandite as well. For the for-
mation of thaumasite, the carbonate of calcite is used and
additionally the calcium of calcite, portlandite and even C-S-H
[27]. Ettringite and thaumasite show a certain degree of immisci-
bility [28-31], as point analysis appears to confirm (Figs. 8 and
9). However, when the paste is completely altered to thaumasite,
no ettringite can be identified anymore, with the exception of
the inner product surrounding residual C4AF. The stability of
ettringite in a thaumasite matrix further confirms the microstruc-
tural observation in Section 5.1 that thaumasite is formed directly
by a transformation of the cement paste and not through the route
of ettringite formation. No hydrate in the hardened paste is stable
in an environment with a sufficiently high sulphur and carbonate
content. The magnesium-rich areas observed along the edge of
the inner product and in the inner product of small former clinker
grains are most likely caused by the presence of magnesium-sili-
cate-hydrate and/or brucite.

As the last stage of alteration, gypsum starts to appear at a SO3-
content above 20 mass%. This again agrees with the findings in lab-
oratory experiments and thermodynamic modeling (e.g. [24,25]).
The formation of gypsum could be aided by the lack of alkali in
the concrete directly at the rock face [32].

The transition zone between concrete and rock with thaumasite
formation in the rock shows that not only ions move from the rock
into the concrete but the reverse takes place as well.

Yearly average temperature in the shaft can be expected to be
about 8-10 °C. Such a relatively low temperature has a beneficial
effect on thaumasite formation (e.g. [3,25,33,34]), but the mineral
can be stable up to 45 °C [7,35].
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5.2. Inner surface of concrete lining

5.2.1. Optical microscopy

The variability of the microstructure at the concrete surface is
relatively large. There are coring sites with neither deposits on
the surface nor altered cement paste (27C, 42B, 57B). The other
coring sites show the following common features approaching
the inner surface of the concrete lining:

e unaltered zone,

o formation of cracks parallel to the concrete surface, mostly
filled with thaumasite (Fig. 12/thickness of zone: 3-10 mm),

o calcite precipitation on the surface or formation of calcite layers
in the cement paste close to the surface (thickness of zone: 1-
3 mm).

5.2.2. Esem

A sample of coring site 27A was chosen to investigate the ce-
ment paste in detail. Moving from the core of the concrete lining
towards its inner surface, a distance between areas investigated

Fig. 12. Core 27A-III (distance to inner concrete surface: 10 mm). Concrete with
formation of cracks filled with thaumasite running parallel to its surface. Image
with crossed polarizer and gypsum plate.

27A-111, inner surface
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Fig. 13. Profiles of sulfate content, atomic Ca/Si-ratio and relative changes in the
amount of the minerals present in the concrete exposed to air and sulfate-bearing
groundwater. At C the EDX point analysis shown in Fig. 14 was conducted.

with EDX point analysis of several millimetres was chosen. The dis-
tance was decreased from 1 mm in a depth of 7-13 mm-0.5 mm in
a depth of 0-7 mm.

SOs3-concentrations are at a level of about 5 mass% up to a depth
of 12 mm (Fig. 13). Here C-S-H is the main hydrate with portlan-
dite, ettringite, monosulfate and possibly monocarbonate. Then,
SOs-concentration increases to 8 mass% and cracks running paral-
lel to the inner surface of the lining start to occur. Compared to the
paste at lower sulfate concentration, the points indicating ettring-
ite are more numerous. The cracks are filled with thaumasite (com-
pare with Fig. 12). At a depth of 2-10 mm, both ettringite and
thaumasite are present with possibly some monocarbonate and
monosulfate (Fig. 14). The maximum SOs-content of 17 mass% is
reached at 3.7 mm. Approaching the concrete surface, the sulfate
content is decreasing rapidly. In a 2 mm thick zone at the surface,
layers of calcite and C-S-H depleted in Ca are alternating, leading
to large fluctuations in the Ca/Si-profile (Fig. 13). At greater depths
the Ca/Si-ratio is between 2.5 and 3.5. The SO3-content is very low
in these outermost layers.

At the coring sites 27A, 27B, 42A and 57A the concrete spalls
parallel to its surface. One such piece of concrete from coring site
42A that was easily removed by hand was used to analyse micro-
structure and composition. It is plate-like with a length of about
8 cm and a width of 3 cm.

While there are only a few cracks in the inner part of the sam-
ple, extensive cracking is present towards its edges (Fig. 15). The
cracks are filled with thaumasite (Fig. 16). However, in the paste
only a few points indicate the occurrence of thaumasite. The

C: depth 2-7 mm, SO, =9.3-17.3
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Fig. 14. Core 27A-Ill (distance to inner concrete surface: 2-7 mm). EDX point

analysis of the cement paste. Average SOs-content: 9.3-17.3 mass%. The location of
analysed area is shown in Fig. 13.

Fig. 15. Spalled concrete with extensive cracking at its edges from coring site 42A
(inner surface). The cracks are filled with thaumasite.
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42A, spalled concrete
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Fig. 16. EDX point analysis of crack filling and the cement paste. Average SOs-
contents are given in mass%. The location where the analysis was conducted is
shown in Fig. 15.

dominating sulfate mineral is ettringite with minor amounts of
monocarbonate. The main hydrate is C-S-H with some portlandite.

5.2.3. Discussion

The exposure of the concrete at the inner surface of the lining is
different to the one along the rock face. Sulfate-bearing groundwa-
ter penetrates the concrete lining at specific spots (Figs. 1 and 2).
These spots are either cold joints, badly compacted concrete or
areas with low thickness of the concrete lining. When the ground-
water reaches the inner surface, it flows downwards on the con-
crete surface. Sulfate ingresses the concrete either by diffusion or
by capillary suction along the path of penetration. Sulfate content
at the inner surface is increased only to a depth of a few centime-
tres similar to the concrete along the rock face. At the inner surface
of the concrete lining, the amount of ettringite present increases
with increasing sulfate concentration. The expansive stress caused
by sulfate interaction leads to severe spalling of the concrete.
Where no spalling takes place, the concrete is severely cracked.
As there is no gypsum at the depth where the cracking starts, stress
generation has to be attributed to ettringite formation. “Sulfate
resistant” cement as used for the concrete lining causes less
ettringite to form compared to Ordinary Portland cement (e.g.
[36]). Additionally, the potential of C-S-H decalcification is lower
because of the lower amount of ettringite formed [37]. However,
it is obvious that the “sulfate resistant” cement cannot prevent se-
vere damage and in addition offers no protection for thaumasite
formation. As a consequence, the cement type seems to be of lesser
importance than the w/c and with it the diffusivity and the perme-
ability of the concrete [38,39]. Thaumasite first occurs at a SOs-
content of about 8 mass%. But in contrast to the concrete along
the rock face, thaumasite forms in the cracks caused by ettringite
formation. Cracks are never observed below a SOs-concentration
of about 8 mass%. This seems to be a kind of threshold for this par-
ticular concrete, where enough ettringite can form to cause suffi-
cient expansive stress to crack the concrete. However, apart from
the amount of aluminium available from calcium aluminate, the
overall concrete geometry and the local degree of restraint are also
important factors for depth of crack penetration and spalling [40].

Only where the highest sulfate concentrations are reached, a
few local transformations of the paste into thaumasite occur.
Before a wide thaumasite formation takes place, the concrete obvi-
ously spalls. Close to the concrete surface, sulfate content de-
creases. In this area, the high Ca/Si-ratio indicates leaching of the
cement paste. The formation of the calcite layers at the concrete
surface occurs when dissolved calcium from the paste reacts with
the bicarbonate present in the groundwater [41-44]. The calcite

formation may decrease the ingress of sulfate into the concrete
[23].

In the majority of the analysed paste, the presence of monosul-
fate is indicated. According to thermodynamic modeling, monosul-
fate should not be present in systems containing calcite as it reacts
to monocarbonate (e.g. [45,46]). The calcium readily available from
the aggregates (calcite content of 7 mass%) and the penetrating
groundwater may not have been sufficient to allow complete
reaction.

The differences in the degree of damage in the shaft show that
only part of the concrete lining was in contact with substantial
amounts of sulfate-bearing groundwater over long periods of time.
Additionally, cyclic dry and wet periods are very likely and may ex-
plain differences in degree of damage in the shaft. The chemical
analysis of the groundwater indicates that the sulfate content var-
ies in a relatively small range. As a result, the degree of damage re-
flects the amount of groundwater present and not the variations in
sulfate concentration of the groundwater.

5.3. Composition of inner and outer product

5.3.1. Results

At a distance to the rock face of 16-30 mm, inner and outer
product (see definition in Section 2.2) show differences in compo-
sition. The average SOs-content in the inner product (19.3 mass¥%)
is two times higher than in the outer product (Fig. 17). In the inner
product two groups, one close to the composition of C-S-H and the
other close to the composition of ettringite, are recognisable. In the
outer product, a lower number of points head towards the compo-
sition of ettringite. In the inner and outer product, the presence of
some monosulfate and monocarbonate is indicated. This composi-
tion of the paste is very similar to the one of a piece of spalled con-
crete from the inner surface of the lining (Fig. 18). This piece is
severely cracked indicating expansive stress.

Close to the rock face, where the cement paste is almost com-
pletely altered to thaumasite, the products surrounding residual
clinker have different morphology than the thaumasite matrix
(Fig. 19A). EDX analysis indicates that the mineral phases present
within the boundaries of the inner product are mixture of ettring-
ite and gypsum (Fig. 19B). Analysis performed on other such grains
show either a similar composition or only the presence of
ettringite.

5.3.2. Discussion
In areas with increased sulfate content, the amount of sulfate in
the inner and outer product is significantly different. The used ce-
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Fig. 17. Comparison between the composition of the inner and outer product in the
concrete close to the rock face. The numbers in parenthesis show the average SO3-
content in mass%.
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Fig. 18. Comparison between the composition of the inner and outer product in a
piece of concrete spalled from the inner surface of the lining. SOs-content is given in
mass.
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Fig. 19. Residual clinker consisting of C4AF surrounded by inner product is
embedded in a thaumasite matrix in A. B shows the composition of the points
marked in A (IP = inner product (points 1-16), OP = outer product(points 17-21)).
SO5-content is given in mass%.

ment has a low C3A-content. As a result, relatively little ettringite is
formed during early hydration [47]. The aluminium in the C(AF)
reacts relatively slowly. Due to its low mobility, most of the alu-
minium remains within the boundaries of the original cement
grain. The ingressing sulfate reacts with the aluminium forming
ettringite. The observed difference in sulfate content between in-
ner and outer product is therefore mainly a result of the differences
in aluminium content. However, this situation must have conse-
quences for the generation of expansive stress. On the one hand,
more ettringite is formed in the inner product. On the other hand,

the inner product is denser than the relatively porous outer prod-
uct and less pores can be filled. Even though the mechanism for
stress generation is debated (e.g. [6,48-52]), it is likely that most
of the expansive stress originates in the inner product. This sugges-
tion is not directly supported by microstructural evidence as it is
difficult to assess where crack formation starts. Inner and outer
products exhibit microcracking in areas with increased sulfate con-
centrations (inner surface of the lining). In addition, some of these
cracks have to be attributed to the drying needed for sample
preparation.

5.4. General remarks

The concrete shows only minor leaching. The relatively static
conditions are close to the conditions in laboratory test where
leaching is minor as well. In general, the changes in mineralogy
of the paste observed in the concrete lining show a good correla-
tion with laboratory studies (e.g. [25,31,36,53]). The exception is
the formation of gypsum that plays an important role when sulfate
solutions of high concentration are used in the laboratory and is of
minor importance in the studied structure. Generally, this case
study provides an important validation of results obtained in labo-
ratory tests and their interpretation.

In the majority of the other cases of sulfate attack reported in
Swiss tunnels, sulfate attack goes together with severe leaching
[13,14]. In such conditions, the comparability between field expo-
sure and laboratory test is more complex and it is difficult to assess
to what extent the results of the latter are applicable.

6. Conclusions

The concrete lining of a vertical ventilation shaft exposed to sul-
fate-bearing groundwater for 45 years was investigated.

The distribution of damages shows that the groundwater was
able to penetrate the concrete and reach the inner surface of the
lining only in areas of poor concrete quality or low concrete thick-
ness. In such areas, the concrete shows severe spalling. The sulfate-
resistant cement used for concrete production was not able to pre-
vent the damages. Where no such weak areas exist, sulfate in-
gresses mainly by diffusion. Due to the slowness of the process,
sulfate penetrated only a few centimetres at the outer surface of
the concrete lining that is exposed to the rock face and the
groundwater.

The main damage on the concrete lining is caused by ettringite-
induced expansion leading to severe spalling at its inner surface. In
this area, thaumasite is mainly formed in cracks created by the
ettringite-triggered expansion. Along the rock face, no cracking
or spalling occurs as the concrete is restrained. Here the cement
paste is transformed in situ to thaumasite and therefore disinte-
grates nearly completely. Dissolution of calcite and portlandite
shows that both are used as a source of carbonate and calcium
respectively for thaumasite formation. Gypsum is only present in
already severely deteriorated areas very close to the rock face with
a SOs-content above 20 mass.

The inner product (hydrates within the boundaries of the for-
mer cement clinker) contains more sulfate and aluminium than
the outer product, making it the most likely place where the
expansive stress is generated.

The conditions in the shaft with relatively little leaching are
close in this respect to the conditions in laboratory tests. Further-
more, the observed mineral assemblages and sequence of mineral
formation caused by sulfate attack, ettringite-thaumasite-gyp-
sum, corresponds to thermodynamic modeling and laboratory
tests. These similarities provide an important validation of the
latter.



A. Leemann, R. Loser/Cement & Concrete Composites 33 (2011) 74-83 83

Based on this study, a dense concrete with low w/c in a struc-
ture of homogenous quality and few weak spots (cold joints,
cracks, poor compaction) seems to offer the best resistance to sul-
fate attack, independently of the cement and aggregates used.
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